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L i s t  of Symbols 

c  = C o n c e n t r a t i o n  i n  g m o l e / l i t e r  

d  = Hard s p h e r e  d i a m e t e r  

f  . = F u g a c i t y  of component i 
1 

k = Boltzmann c o n s t a n t  
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M = C o n c e n t r a t i o n  i n  t o t a l  g  ion /1000  gm s o l u t i o n  

n  = Number of g  moles o f  component i 
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i 
= P a r t i a l  p r e s s u r e  of component i 

P = Vapor p r e s s u r e  
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'i g  mole o f  e l e c t r o l y t e  



1. I n t r o d u c t i o n  

For t h e  p a s t  s i x  months, cons ide rab le  e f f o r t s  were made i n  

t h e  experimental  measurements o f :  

( i )  Vapor p re s su res  of t e r n a r y  e l e c t r o l y t e  s y s  terns 

( i i )  P a r t i a l  molal volumes of gases  d i s so lved  i n  e l e c t r o l y t e  

s o l u t i o n s  

( i i i )  D i f fus ion  c o e f f i c i e n t s  of  gases  i n  e l e c t r o l y t e s  

Measurements of t he  vapor p r e s s u r e  us ing  a  d i f f e r e n t i a l  aano- 

meter  have proved t o  b e  very  s u c c e s s f u l .  The vapor p r e s s u r e  o f  t h e  

system KOH-K CO -H 0 was measured a t  2 5 ,  40, 60 and 80°C over  cons ider -  
2 3 2 

a b l e  concen t r a t ion  ranges of bo th  KOH and K2C03. It was found t h a t  

t h e  vapor  p r e s s u r e  can b e  c o r r e l a t e d  f o r  each temperature a s  a fu r?c t ion  

dependent on ly  on t h e  i o n i c  concen t r a t ion .  

P a r t i a l  molal  volume of gases  i n  e l e c t r o l y t e  s o l u t i o n s  were  

measured f o r  a wide v a r i e t y  of gases  and i o n s .  The d i l a t o m e t r i e  nethod 

of measuring p a r t i a l  molal volume was found t o  be  an  a c c u r a t e ,  r e l i a b l e  

and c o n s i s t e n t  method, provided c a r e  was taken  i n  tempera ture  and! 

p r e s s u r e  c o n t r o l s .  The r e s u l t s  a r e  comparable w i th  l i t e r a t u r e  values 

f o r  gases  i n  pure  wa te r ;  however, no comparison could be  made for ionic 

s o l u t i o n s  s i n c e  f o r  t h e  systems s t u d i e d  no da t a  e x i s t .  The r e s u l t s  

were d iscussed  i n  l i g h t  of t h e  p e r t u r b a t i o n  theory developed p r e v i c u s i y .  

Work on t h e  measurement of t h e  d i f f u s i o n  c o e f f i c i e n t s  of hydrogen i n  

l i t h i u m  hydroxide s o l u t i o n  was cont inued .  lfeasurements were made for 



t h e  t e m p e r a t u r e s  25,  40,  60 and 80°C o v e r  t h e  comple te  c o n c e n t r a t i o n  

r a n g e .  The r e s u l t s  a r e  r e l a t i v e l y  w e l l  p r e d i c t e d  by t h e  modi f i ed  

Eyr ing t h e o r y  and t h e  k i n e t i c  t h e o r y .  



2 .  Vapor P r e s s u r e  i n  t h e  System - Potassium C a r b o n a t e - P o t a s s i ' ~ ~ ~ ,  
Hydroxide-wa t e r  

A f u e l  c e l l  is  an e l ec r rochemica l  dev ice  composed of a non- 

consumable anode and ca thode ,  an e l e c t r o l y t e ,  and s u i t a b l e  c o n t r o l s .  

The f r e e  energy of t h e  r e a c t a n t s ,  which a r e  s t o r e d  o u t s i d e  t h e  c e l l  

i t s e l f ,  i s  converted i n t o  e l e c t r i c a l  energy i n  t h e  c e l l .  Fundamentally,  

any oxida t ion- reduct ion  r e a c t i o n  may b e  a p o t e n t i a l  f u e l  c e l l ,  Perhaps 

t h e  most h i g h l y  r e f i n e d  f u e l  c e l l  system today  is t h e  human body, a 

mechanism t h a t  c a t a l y t i c a l l y  (enzymes) b u m s  ( o x i d i z e s )  food (fuel) in 

a n  e l e c t r o l y t e  ( c e l l  f l u i d ) ,  t o  produce energy ,  some of which i s  elec- 

t r i c a l .  

The hydrogen-oxygen f u e l  c e l l  has  been wide ly  used;  i t  emplays 

a ca thode  a t  which hydrogen i s  ox id i zed ,  an anode a t  which oxygen is 

reduced,  and an  a p p r o p r i a t e  e l e c t r o l y t e .  S ince  t h e  oxygen e le .c t rode  

works b e s t  i n  an a l k a l i n e  medium, potass ium hydroxide i s  most o f t e n  

used a s  t h e  e l e c t r o l y t e .  Pe t ro leum hydrocarbons would o f f e r  many 

advantages a s  a f u e l  b u t ,  s i n c e  t h e  o x i d a t i o n  products  of hydrocarbons 

are carbon d iox ide  and w a t e r ,  t h e  a l ' k a l i n i t y  of t h e  e l e c t r o l y t e  would 

be reduced through t h e  format ion  of potassium carbonate .  The r e s u l t  

would be a t e r n a r y  e l e c t r o l y t e  system: KOH-K2C03-H20. 

It is a l s o  important  t o  n o t e  t h a t  t h e  vapor  p r e s s u r e  o f  warer 

w i l l  b e  an  impor tan t  p rope r ty  of any aqueous system. The vapor pressure 

i s  a tempera ture  dependent q u a n t i t y ,  and a t  t h e  e l e v a t e d  t emp~i ra tu re s  

normal ly  employed f o r  f u e l  c e l l s  t o  reduce e l e c t r o d e  p o l a r i z a t i o n  the 



v a p o r  p r e s s u r e  w i l l  be  s u b s t a n t i a l .  Adequate v a p o r  p r e s s u r e  d a t a  are 

not  a v a i l a b l e  f o r  t h e  p o t a s s i u m  c a r b o n a t e - p o t a s s i u m  hydroxide-via ter  

s y s t e m .  T h e r e f o r e  a p r o j e c t  t o  measure  t h e s e  vapor  p r e s s u r e s  was 

u n d e r t a k e n .  



2 . 1  Thermodynamic Aspects 

Consider a  non idea l  l i q u i d  s o l u t i o n  i n  c o n t a c t  w i t h  a vapor 

phase.  By t h e  r u l e  of phase e q u i l i b r i u m ,  t h e  f u g a c i t i e s  (o r  a l t e r n a ~ e l y ,  

t h e  chemical p o t e n t i a l s )  of each component a r e  t h e  same i n  a l l  phases.  

Thus f o r  any component i 

where s u p e r s c r i p t s  G and L r e f e r  t o  t h e  gas  and l i q u i d  phase ,  and f .  I i s  

t h e  f u g a c i t y  of  component i. Near atmospheric  p r e s s u r e ,  t h e  gas phzse 

i s  e s s e n t i a l l y  i d e a l  and the vapor phase f u g a c i t y  can b e  r ep l aced  by t h e  

p a r t i a l  p r e s s u r e  w i t h  m b i m a l  e r r o r  

The f u g a c i t y  i n  t h e  l i q u i d  phase is  g iven  by 

where X.  i s  t h e  mole f r a c t i o n  of component i, yi i s  t h e  a c t i v i t y  co- 
b 

S e f f i c i e n t ,  and f .  is  t h e  s t a n d a r d  s t a t e  f u g a c i t y .  For wa te r  t h e  standard 
I 

s t a t e  i s  u s u a l l y  chosen t o  b e  pure  l i q u i d  a t  t h e  samk tempera ture  and 

p r e s s u r e  a s  t h e  mixture ;  i . e . ,  i t s  pure  component vapor  p r e s s u r e  at t h e  

tempera ture  of i n t e r e s t ,  Combining Equat ions 2-1, 2-2, and 2-3 wish t h e  

above s t a t emen t  Leads t o  



where PO i s  t h e  pu re  component vapor  p r e s s u r e .  I n  e l e c t r o l y t e  s y s t e m  

o f  i n t e r e s t  h e r e ,  Equat ion 2-4 a l s o  d e s c r i b e s  t h e  t o t a l  vapor  p r e s s u r e ,  

s i n c e  t h e  s o l u t e s  a r e  n o n v o l a t i l e .  

Thus, knowing vapor  p r e s s u r e s ,  one can c a l c u l a t e  a c t i v i t y  co- 

e f f i c i e n t s  which a r e  impor tan t  t o  many o t h e r  measurements and calculations 

of thermodynamic p r o p e r t i e s .  I n  terms of  work h e r e ,  i t  i s  neces sa ry  to 

know t h e  vapor  p r e s s u r e s  o f  g iven  s o l u t i o n s  i n  o r d e r  t o  measure o r  predict 

t h e  s o l u b i l i t y  and d i f f u s i v i t y  of oxygen o r  hydrogen i n  them. 



2.2 Some Techniques f o r  Pleasuring Vapor P r e s s u r e s  

Many techniques  have been used a t  one t ime o r  ano the r  t o  measure 

vapor p r e s s u r e .  Three of t h e s e  w i l l  be  d i scussed  h e r e ,  namely, the 

i s o p i e s t i c ,  t h e  dew p o i n t ,  and t h e  manometric methods. 

2 .2 .1  I s o p i e s t i c  Method 

Th i s  t echn ique ,  f i r s t  desc r ibed  by ~ o u s f e l d '  i n  1918 and l a t e r  

improved by ~ i n c l a i r  ,' i s  a comparative method depending on t h e  p r i n c i p l e  

t h a t  t w o  s o l u t i o n s  of  n o n v o l a t i l e  s o l u t e s  w i l l  d i s t i l l  from one another 

u n t i l  t h e i r  concen t r a t ions  a r e  such t h a t  t h e  s o l u t i o n s  have e q u a l  vapor 

p r e s s u r e .  One of t h e  s o l u t i o n s  must have a well-known concen t r a t ion  and 

tempera ture  vapor  p r e s s u r e  dependency. 

This  can  b e  done one of two ways, w i t h  p e r f e c t  i n s u l a t i o ~ ~  between 

t h e  s o l u t i o n s  o r  wi th  p e r f e c t  thermal  c o n t a c t .  L e t  A and B be two solu- 

t i o n s ,  t h e  vapor p r e s s u r e  of A be ing  i n i t i a l l y  g r e a t e r  than  t h a t  of B, 

Then s o l v e n t  w i l l  d i s t i l l  from A t o  B ,  t hus  coo l ing  A by i t s  v a p o r i z a t i o n  

and h e a t i n g  B by i t s  condensat ion.  Because of  t h e  tempera ture  changes,  the 

vapor  p r e s s u r e  of B i n c r e a s e s ,  w h i l e  t h e  vapor  p r e s s u r e  o f  A dec reases ,  

Were p e r f e c t  thermal  i n s u l a t i o n  maintained between t h e  s o l u t i o n s ,  a steady 

s t a t e  would r e s u l t  w i t h  a tempera ture  d i f f e r e n c e  between t h e  s o l u t i o n s  

s u f f i c i e n t  t o  e q u a l i z e  t h e  vapor  p r e s s u r e s .  Recording tempera tures  of ba th  

s o l u t i o n s  and ana lyz ing  f o r  t h e i r  concen t r a t ion  a l lows  one t o  a s c e r t a i n  t he  

vapor  p r e s s u r e  of t h e  unknown s o l u t i o n  a t  t h e  g iven  tempera ture  and concentra-  

t i o n .  



A t  t h e  o t h e r  extreme t h e  above procedure can be  c a r r i e d  out x i t h  

p e r f e c t  thermal  c o n t a c t .  I n  t h i s  c a s e ,  t h e  vapor p r e s s u r e  of A decreasss ,  

and t h e  vapor  p r e s s u r e  of B i n c r e a s e s ,  n o t  a s  a  r e s u l t  of a  tempera ture  

d i f f e r e n c e ,  bu t  because of a  concen t r a t ion  d i f f e r e n c e .  Equi l ibr ium 

r e s u l t s  when t h i s  concen t r a t ion  d i f f e r e n c e  s u f f i c e s  t o  e q u a l i z e  the vapor 

p r e s s u r e .  A f t e r  a n a l y s i s  of bo th  s o l u t i o n s ,  one a g a i n  can a s c e r t a i n  t h e  

vapor  p r e s s u r e  of t h e  unknown s o l u t i o n  a t  t h e  given tempera ture  ( t h e  

same f o r  bo th  s o l u t i o n s )  and concen t r a t ion .  

2.2.2 Dew Po in t  Method 

This  method, f i r s t  desc r ibed  by cumming3 and modified by Walker, 
4 

depends on measuring t h e  dew p o i n t  of a  sample ve ry  a c c u r a t e l y .  in prac- 

t i c e  a  c o n t a i n e r  c o n t a i n s  s o l u t i o n ,  above which is  suspended a  h i g h l y  

po l i shed  s i l v e r  tube .  The appa ra tus  is  lowered i n t o  a cons t an t  tenper- 

a t u r e  b a t h  and a vacuum i s  drawn on t h e  system. This  method does not 

r e q u i r e  a vacuum, b u t  t h e  appearance o f  dew on t h e  s i l v e r  t ube  i s  

enhanced when a i r  does n o t  i n t e r f e r e .  The s i l v e r  t ube  h a s  p rov i s ions  

f o r  wa te r  from ano the r  b a t h  t o  b e  c i r c u l a t e d  through it.  The tempera ture  

o f  t h e  s i l v e r  t ube  i s  s lowly  reduced u n t i l  dew forms on i t ,  t h e  tenper- 

a t u r e  o f  f i r s t  dew format ion  b e i n g  recorded.  Then t h e  tempera ture  i s  

i nc reased  u n t i l  t h e  dew d i sappea r s .  These-two tempera tures  should be 

i d e n t i c a l ;  i n  p r a c t i c e ,  t hey  u s u a l l y  d i f f e r  s l i g h t l y  and an  average is  

taken  f o r  c a l c u l a t i o n  of t h e  vapor  p r e s s u r e s .  The vapor  p r e s s u r e  of t h e  

sample s o l u t i o n  a t  t h e  tempera ture  of t h e  b a t h  ( t h e  one con ta in ing  the 

a p p a r a t u s )  i s  t h u s  t h e  vapor  p r e s s u r e  of wa te r  a t  t h e  dew p o i n t  o f  that 

s o l u t i o n  ( t h e  tempera ture  of t h e  s i l v e r  t ube  a t  t h e  i n i t i a l  forn.atiion of 

dew). 



2 .2 .3  Pianometric Nethod 

This  method employs a d i r e c t  measurement of t h e  p r e s s u r e  exerted 

by t h e  s o l u t i o n .  It w i l l  be  desc r ibed  he re  b r i e f l y ;  a  more d e t a i l e d  

d i s c u s s i o n  w i l l  b e  found i n  S e c t i o n 2 . 3 .  I n  g e n e r a l ,  t h i s  method nay be  

used i n  t h e  a b s o l u t e  o r  t h e  d i f f e r e n t i a l  mode. I n  t h e  f i r s t ,  t h e  vapor 

p r e s s u r e  of t h e  s o l u t i o n  i s  measured a g a i n s t  a  vacuum, i n  t h e  second,  

a g a i n s t  a  known s t anda rd  s o l u t i o n .  The two s o l u t i o n s ,  i n  a  cons t an t  

tempera ture  b a t h ,  a r e  connected t o  t h e  two arms o f  a  manometer. The 

sys tem i s  evacuated ( i n  t h i s  method a  vacuum i s  neces sa ry ,  s i n c e  nothing 

b u t  wa te r  vapor  should e x i s t  i n  t h e  vapor space ) .  Once t h e  system i s  

evacua ted ,  t h e  s o l u t i o n s  a r e  allowed t o  e q u i l i b r a t e  w i t h  t h e i r  r e s p e c t i v e  

vapor  spaces .  Thus, t h e  p r e s s u r e  i n  t h e  vapor  space  i s  t h e  vapor  pressure 

of t h e  s o l u t i o n .  The d i f f e r e n c e  i n  t h e  l e v e l  of t h e  f l u i d  i n  t h e  aras  of 

the  manometer i s  a  measure of  t h e  d i f f e r e n c e  i n  the vapor p r e s s u r e s  i n  

the two v e s s e l s .  



2 .3  Apparatus and Experimental  Procedure 

The appa ra tus  i s  p i c t u r e d  i n  F igure  2.1.  It c o n s i s t s  of  a 

Gilmont micrometr ic  manometer s u i t a b l y  modified t o  be connected to 

sample c o n t a i n e r s  and a  vacuum pump. The c o n s t a n t  tempera ture  

environment,  i n  which t h e  manometric assembly i s  housed,  c o n s i s t s  of 

an i n s u l a t e d  wa te r  b a t h  con ta in ing  h e a t e r s ,  a  s t i r r e r ,  and a  ten??er- 

a t u r e  probe ,  a l l  connected t o  a  p r o p o r t i o n a l  c o n t r o l l e r .  The t w o  

thermometers used were r eadab le  t o  O.Ol°C and were c a l i b r a t e d  a g a i n s t  

a q u a r t z  thermometer. Bath tempera tures  could be  c o n t r o l l e d  t o  I O , G T 0 C  

a t  25°C and b e t t e r  than  tO.l°C a t  80°C. Mercury used was t r i p l e  dis- 

t i l l e d  and was changed every  few runs  due t o  wa te r  d e p o s i t i o n  on i t s  

s u r f a c e .  

The Gilmont micrometr ic  manometer employs a s t a i n l e s s  s t e e l  

need le  connected t o  a micrometer t o  measure t h e  h e i g h t  of t h e  mercury  

column. The micrometer is  r e a d a b l e  t o  0.0005'' which i s  approxi izately 

0.01 mm. The s t anda rd  t ape red  male j o i n t s  and t h e  t u b i n g  cu lmina t ing  

i n  t h e  three-way s topcock  w e r e  added by t h e  g lassb lower ,  wh i l e  the 

s p e c i a l  mounting appa ra tus  of P l e x i g l a s s  and meta l  w a s  fash ioned  i n  the  

machine shop. 

Twenty-five d i f f e r e n t  s o l u t i o n s  of  po tass ium ca rbona te ,  potassium 

hydroxide and wa te r  were prepared .  These were c a l c u l a t e d  t o  evenly cover  

t h e  e n t i r e  s o l u b i l i t y  range  of t h e  system at  25OC. The ROE used was 

F i s h e r  r eagen t  grade  p e l l e t s ,  low i n  c h l o r i d e ,  b u t  con ta in ing  about 



Figure 2.1. Manonetric Assembly 



one pe rcen t  K CO The K CO was F i s h e r  r eagen t  grade g ranu la r  anhydrous,  
2  3' 2 3  

The wa te r  used was de ionized  and then d i s t i l l e d .  

Amounts of  KOH and K2C03 t h a t  were c a l c u l a t e d  t o  g ive  the proper 

c o n c e n t r a t i o n  were weighed out  t o  t h e  n e a r e s t  0 .1  gram and t r a n s f e r r e d  

i n t o  a l i t e r  v o l u c e t r i c  f l a s k .  Water was added and t h e  s o l i d s  were 

al lowed t o  d i s s o l v e .  The f l a s k  was then  cooled t o  room tempera ture  and 

f i l l e d  t o  . the mark x i t h  water .  So lu t ions  were kep t  no longe r  than neces-  

s a r y  i n  g l a s s  c o n t a i n e r s  s i n c e  KOH has a d e l e t e r i o u s  e f f e c t  on g l a s s ;  

t h e y  were s t o r e d  i n  brokn opaque Nalgene b o t t l e s  w i t h  screw t o p s ,  

Once mixed, t h e  s o l u t i o n s  were analyzed.  Two ana lyses  a r e  

r e q u i r e d  on a  sample t o  determine t h e  carbonate  and hydroxide content: 

one f o r  t o t a l  a l k a l i n i t y  and one f o r  hydroxide.  

The sample was p laced  i n  a dropping b o t t l e  and t h e  dropping 

b o t t l e  p l u s  sample w a s  weighed on an a n a l y t i c a l  ba l ance  t o  t h e  nearest 

0.1  mg. Then approximately 1 t o  5 grams (depending on t h e  sample can- 

c e n t r a t i o n )  o f  sample was t r a n s f e r r e d  t o  a  400 m l  beaker  con ta in ing  

de ion ized ,  d i s t i l l e d  water .  The sample was t h e n  reweighed and ?-he 

d i f f e r e n c e  i n  weight  recorded a s  t h e  sample s i z e .  

The s t anda rd  a c i d ,  1.0 N H C 1 ,  was prepared by d i l u t i n g  special 

ampules of  Acculute  concen t r a t ed  a c i d  t o  one l i t e r .  It was kep t  i n  a 

f o u r - l i t e r  f l a s k  which was connected t o  a  s e l f - f i l l i n g ,  s e l f - z e r o i n g  

b u r e t t e  w i t h  p r o v i s i o n s  f o r  slow and f a s t  d e l i v e r y .  The a c i d  was 

p r o t e c t e d  from a tmospher ic  contaminat ion by a g l a s s  tube  con ta in ing  

a c t i v a t e d  s i l i c a  g e l  d e s s i c a n t  t o  exclude both  wa te r  vapor  o r  carbon 

d iox ide .  



To measure t o t a l  a l k a l i n i t y  t h e  sample was t i t r a t e d  with standard 

H C 1  w i t h  a  bromcresol  green i n d i c a t o r .  Bromcresol green i s  b l u e  i n  basic 

media, g reen  i n  t r a n s i t i o n ,  and yel low i n  a c i d i c  ned ia .  The s a c p l e  w a s  

t i t r a t e d  u n t i l  j u s t  be fo re  t he  end p o i n t .  It was then  b o i l e d  t o  d r i v e  

ou t  t h e  C02 (formed from t h e  ca rbon ic  a c i d  formed i n  t h e  H C 1 ,  K2C03  

r e a c t i o n ) ;  t h i s  sharpens t h e  end p o i n t .  Af t e r  coo l ing ,  t h e  t i t r a t i o n  i s  

completed. The t o t a l  e q u i v a l e n t s  of  carbonate  p l u s  hydroxide i s  d e t r r n i n e d  

i n  t h i s  a n a l y s i s .  

To measure t o t a l  hydroxide c o n t e n t ,  t h e  carbonate  i s  f i rs t  p r e -  

c i p i t a t e d  by adding barium c h l o r i d e  s o l u t i o n .  S ince  barium hydroxide i s  

s o l u b l e  w h i l e  barium carbonate  i s  n o t ,  t h e  hydroxide remains i n  solut ioz. ,  

The sample t h u s  prepared i s  t i t r a t e d  w i t h  s t anda rd  H C I  w i t h  a  phenolphtha le in  

i n d i c a t o r .  The endpoin t  i s  reached  when t h e  s o l u t i o n  changes f rom p ink  t o  

wh i t e  (not  c l e a r  because t h e  p r e c i p i t a t e  remains suspended) .  This g ives  

t o t a l  e q u i v a l e n t s  of  hydroxide.  From t h e s e  two a n a l y s e s ,  one de ter I l ines  

amount o f  K2C03 and KOH i n  t h e  sample. All ana lyses  were done i n  t r i p l i c t t e ,  

t h u s  s i x  ana lyses  were neces sa ry  f o r  each sample. A sample c a l c u l a t i o n  i s  

p r e s e n t e d  i n  t h e  Appendix. The s o l u t i o n  composi t ions a r e  p re sen ted  i n  

Table 2 . 1  and Figure  2 . 2 .  

In t h e  vapor  p r e s s u r e  measurements, t h e  b a t h  was f i r s t  brought to 

t h e  d e s i r e d  tempera ture .  The manometer w a s  f i l l e d  wi th  mercury zeroed,  

-. 
A s p e c i a l  high temperature s topcock l u b r i c a n t  w a s  a p p l i e d  t o  a i l  j o i n t s  i n  

t h e  system, i n c l u d i n g  t h e  three-way s topcock ,  t h e  vacuum hose coni iector ,  

and t h e  s t a n d a r d  t ape red  j o i n t s  which connected t h e  sample flasks w i t h  

t h e  main assembly. The l u b r i c a n t  was wiped o f f  and renewed evs ry  run on 



Table 2.1: Solur ion  Sames and Compositions 

Name W t .  P c t .  KOH W t .  P c t .  K,CO, 



F i g u r e  2 . 2 .  S o l u t i o n  Compositions 



Or r?; i ~ l g  t h e  s t anda rd  tapered  j o i n t s  and a s  o f t e n  a s  necessary  on the  0th- 

p a r t s .  

The r i g h t  hand sample f l a s k  was f i l l e d  w i t h  de ion ized ,  distilled 

wate r  and a t t ached  t o  t h e  main assembly w i t h  rubber  ban&. Sample xes 

poured i n t o  t h e  l e f t  hand sample f l a s k .  A f t e r  t h i s  t h e  m a n o ~ ~ e t r i c  

assembly was lowered i n t o  t h e  b a t h  and t h e  vacuun hose was a t t a c h e d ,  

The system was evacuated ,  f i r s t  on t h e  r i g h t  hand f l a s k  t h e r  cr, 

t h e  l e f t  hand f l a s k .  They were then  allowed t o  e q u i l i b r a t e  w i t h  e a c i  

o t h e r .  Th i s  was r epea t ed  s e v e r a l  t imes .  The purpose of t h i s  v2-s first 

t o  purge t h e  d i s s o l v e d  gases  from t h e  s o l u t i o n s  and l a t e r  t o  recove 211 

t r a c e s  o f  a i r  from t h e  vapor  space .  When t h i s  was a c c o n p l i s h e d ,  the 

three-way stopcock was tu rned  skew s o  a s  t o  s e p a r a t e  t h e  vacuum l i n e  

from t h e  manometer and t h e  two arms from each o t h e r .  

Readings were taken  every  f i v e  minutes u n t i l  e q u i l i b r i u t l  w a s  

reached.  This r equ i r ed  anywhere between f i f t e e n  minutes and n i ~ i ~ t y  

minutes depending on t h e  tempera ture  and t h e  sample. There a r e  t w o  

e q u i l i b r i a  which must b e  reached h e r e ;  ( I )  t h e  vapor  and l i q u i d  must 

e q u i l i b r a t e  w i t h  each  o t h e r  and (2)  t h e  system must e q u i l i b r a t e  

(temperature-wise) w i t h  t h e  b a t h .  Because of  t h e  l i m i t e d  s c a l e  o f  t h e  

manometer (2") many of t h e  samples a t  h i g h e r  tempera tures  were .run 

a g a i n s t  p r e v i o u s l y  e s t a b l i s h e d  s t a n d a r d s  r a t h e r  t han  water .  This 
-. 

added somewhat t o  t h e  exper imenta l  e r r o r .  

It was neces sa ry  t o  f i r s t  b o i l  a  s o l u t i o n  t o  purge t h e  aLs fron 

t h e  vapor space .  The s o l u t i o n  composition was changed s l i g h t l 5 -  by 

vapor i z ing  some of  t h e  o r i g i n a l  l i q u i d  water .  Thus a few s a o p l e s  :<ere 



a n a l y z e d  b e f o r e  and a f t e r  an  e x p e r i m e n t a l  r u n .  The d i f f e r e n c e s  i n  

compos i t ion  were found t o  b e  n e g l i g i b l e  and t h i s  p r a c t i c e  ras  6j.s- 

c o n t i n u e d  f o r  f u t u r e  r u n s .  



2.4  Methods o f  D a t a  Treatment  and C o r r e l a t i o n  

2 .4 .1  Nethods Used by Other  I n v e s t i g a t o r s  

Two methods have  been  p r e v i o u s l y  i n v e s t i g a t e d  as t o  t h e  prePic- 

t i o n  a n d / o r  c o r r e l a t i o n  of s t r o n g  t e r n a r y  e l e c t r o l y t e  v a p o r  p r e s s u r e s ,  

One method, which i n t e r p o l a t e s ,  i s  u s a b l e  o n l y  f o r  p r e d i c t i n g  a value 

of  v a p o r  p r e s s u r e  when many p o i n t s  a r e  known. And s i n c e  s t r o n g  terzzisy 

e l e c t r o l y t e  vapor  p r e s s u r e  i s  a f u n c t i o n  of t h r e e  v a r i z b l e s  (two ccx- 

c e n t r a t i o n s  and t e m p e r a t u r e ) ,  t h e  i n t e r p o l a t i o n  can  become q u i t e  

compl ica ted  and i n a c c u r a t e ,  As a n  added d i s a d v a n t a g e ,  a d e q u a t e  va lc r  

p r e s s u r e  d a t a  are a v a i l a b l e  f o r  o n l y  a few sys tems .  

5 T h i s  h a s  l e d  c e r t a i n  i n v e s t i g a t o r s  t o  p o s t u l a t e  t h a t  teraery 

v a p o r  p r e s s u r e s  c o u l d  b e  p r e d i c t e d  from b i n a r y  s y s t e m  d a t a .  The f o l -  

lowing  e q u a t i o n  h a s  been s u g g e s t e d  

where: P = v a p o r  p r e s s u r e  o f  t h e  t e r n a r y  

MI = m o l a l i t y  o f  component 1 

M2 = m o l a l i t y  o f  component 2 

Pl = v a p o r  p r e s s u r e  o f  b i n a r y  1 

P = v a p o r  p r e s s u r e  o f  b i n a r y  2 2 

T h i s  method h a s  been  d i s c u s s e d  i n  p r e v i o u s  NASA r e p o r t s .  I ts  il i jcr 

drawback i s  t h a t  t h e  component n o l a l i t i e s  are c a l c u l a t e d  b e f o r e  r i s i n g ,  



Thus s o c e  t e r n a r y  s o i u t i o n s  may e x i s t  f o r  which b i n a r y  d a t a  would hz-\-c 

t o  b e  e x t r a p o l a t e d ;  t h e  ne thod  does  a c t u a l l y  b r e a k  dorm i n  t h i s  c ~ s e ,  

Its g e n e r a l  a c c u r a c y  i s  a l s o  n o t  p a r t i c u l a r l y  good. A c t u a l  e x p c r i ~ ~ s n t a l  

v a l u e s  v s .  v a l u e s  p r e d i c t e d  by t h i s  method a r e  p r e s e n t e d  i n  Tab le  2,2. 

2 . 4 . 2  Methods Used i n  Th is  Repor t  

2 . 4 . 2 . 1  S c r e e n i n g  of Exper imenta l  Da ta  f o r  C o n s i s t e n c y  

The e x p e r i m e n t a l  d a t a  a r e  p r e s e n t e d  i n  T a b l e  2 . 3 .  Tne experi- 

m e n t a l  d a t a  were  f i r s t  examined f o r  i n t e r n a l  c o n s i s t e n c y .  Each d a t a  

p o i n t  was p l o t t e d  on a Rn P v s .  l / T  g raph  as s h o ~ m  i n  F i g u r e s  2 . 3  threugh 

2 . 8 .  I f  a p o i n t  d e v i a t e d  s i g n i f i c a n t l y  f rom t h e  s t r a i g h t  l i n e ,  i t  x;as 

d i s c a r d e d  and t h e  exper iment  r e r u n .  The p o i n t s  were  t h e n  f i t t e d  t o  an 

2 
e q u a t i o n  o f  t h e  form Rn P = A i- BIT + C/T . The c o e f f i c i e n t s  a l o n g  

w i t h  t h o s e  d e r i v e d  f rom c u r v e s  f i t t e d  t o  v a p o r  p r e s s u r e s  o f  b i n a r y  

s o l u t i o n s  a r e  p r e s e n t e d  i n  Tab le  2 .4 .  

2 . 4 . 2 . 2  D e r i v i n g  a Best F i t  

The same problem was e n c o u n t e r e d  w i t h  t h i s  method as was 

e n c o u n t e r e d  w i t h  t h e  Anto ine  e q u a t i o n  (Rn P = A + B/T i- C ) ;  i . e , ,  

w h i l e  e a c h  s o l u t i o n  was f i t t e d  v e r y  w e l l  by t h e  i n d i v i d u a l  coef -  

f i c i e n t s ,  n o  t e m p e r a t u r e  dependence of t h e  c o e f f i c i e n t s  c o u l d  be 

a s c e r t a i n e d .  They e x h i b i t e d  a g e n e r a l  upward t r e n d  w i t h  i n c r e a s i n g  

c o n c e n t r a t i o n  b u t  d e v i a t e d  s u b s t a n t i a l l y  f rom any f u n c t i o n a l  fozm, 

It was p o s s i b l e  t o  f i t  them, b u t  t h e  r e s u l t a n t  e q u a t i o n  was s o  

i n a c c u r a t e  as t o  b e  u s e l e s s .  T h i s  approach was,  t h e r e f o r e ,  abandoced,  

As. h a s  been p o i n t e d  o u t  b e f o r e ,  v a p o r  p r e s s u r e  i n  s t r o n g  

t e r n a r y  e l e c t r o l y t e  s y s t e m s  i s  a f u n c t i o n  o f  t h r e e  v a r i a b l e s .  It seered 

t h a t  t h e  most p r o m i s i n g  approach would b e  t o  f i n d  a combining r u l e  ;si~bcX-i 



T a b l e  2.2: A d d i t i v i t y  o f  M o l a l i t i e s  C o r r e l a t i o n  vs. E x p e r i c ~ e n t a l  Points 

SOLUTION EXP - CORR EXP - COP3 EXP - COPS. EXP - G C ~  -- 

* 
Extrapolated 



Solution 

Table 2.3: Experimental Vapor Pressures of Solutions 

Vapor Pressures At: 



Temperature  ( O C )  

Figure 2.3.  Exper imenta l  Vapor P r e s s u r e s  



Temperature ( O C )  

F i g u r e  2 . 4 .  Experimental  Vapor P r e s s u r e s  



Figu re  2;5 .  Experimental Vapor Pressures 



60" 40" 

Tenperature ("C) 

Figure 2.6. Experimental Vapor Pressures 



Tenperature ( " C )  

Figure 2.7.  Experimental Vapor P ressures  



Temperature (OC) 

Figu re  2.8.. Experimental  Vapor P r e s s u r e s  



Table 2.4.: Coefficients Used to Fit Solutions to 

B C Equation Rn P = A + - + - 
T~ 

Solution A B C 



would output  a  new concen t r a t ion  v a r i a b l e  t h a t  took i n t o  account  bo th  

p rev ious  concen t r a t ions .  This  would reduce t h e  equat ion  t o  two variables 

and t h u s  s i m p l i f y  t h e  a n a l y s i s .  

S e v e r a l  combining r u l e s  were t r i e d  b u t  a l l  seemed t o  exhibit a 

s y s t e m a t i c  s c a t t e r .  That i s ,  when t h e  vapor p r e s s u r e  was p l o t t e d  versus 

new concen t r a t ion  v a r i a b l e ,  s o l u t i o n s  con ta in ing  l a r g e  amounts of  one 

component d e v i a t e d  s y s t e m a t i c a l l y  t o  one s i d e  of t h e  l i n e ,  wh i l e  so lu -  

t i o n s  con ta in ing  l a r g e  amounts of t h e  o t h e r  component dev ia t ed  t o  the 

o t h e r  s i d e .  A breakthrough was achieved when t h e  concen t r a t ion  variable 

o f  t o t a l  gram ions/1000 grams s o l u t i o n  was t r i e d .  C a l c u l a t i o n  of t h i s  

v a r i a b l e  is  p re sen ted  i n  t h e  Appendix. 

When concen t r a t ions  c a l c u l a t e d  i n  t h i s  manner were p l o t t e d  versus 

vapor p r e s s u r e ,  a l l  t h e  p o i n t s  f i t  a  smooth curve ,  and s c a t t e r  was random 

(due presumably t o  exper imenta l  e r r o r )  r a t h e r  than  t h e  s y s t e m a t i c  s c a t t e r  

desc r ibed  be fo re .  Binary systems a l s o  f i t  t h e s e  cu rves ,  t hus  l end ing  

a d d i t i o n a l  credence t o  t h i s  approach. These a r e  shown i n  F igures  2-9 

through 2-12. 

S ince  t h e  method seemed t o  c o r r e l a t e  t h e  d a t a  w e l l ,  t h e  next s t e p  

was t o  f i t  a curve t o  t h e  d a t a  p o i n t s .  The va lue  of t h e  new concentration 

v a r i a b l e  i s  p re sen ted  i n  Table 2-5. A computer program was w r i t t e n  to 

f i t  a polynomial of any d e s i r e d  degree  t o  t h e  d a t a .  Th i s  curve i s  also 

shown i n  t h e  above mentioned f i g u r e s .  The program i S  p re sen ted  i n  the 

Appendix. By s u i t a b l e  manipulat ion of  t h e  v a r i a b l e s  i t  was also p o s s i b l e  

t o  f i t  l o g a r i t h m i c  and r e c i p r o c a l  terms. Best r e s u l t s  were obta ined  with 

a c u b i c  equa t ion  i n  concen t r a t ion  ve r sus  t h e  loga r i thm of vapor  pressure 



O Ternary 3 a t a  

Q Binary Data-. 

Vapor P r e s s u r e  (mm. Hg) 

F igure  2 . 9 ,  Concent ra t ion  Dependence of Vapor P re s su re  a t  2 5 O C :  



- 0 Ternary Data 

a Binary 2 a t a  

Vapor P r e s s u r e  (m. Hg) 

F igu re  2.10. Concent ra t ion  Dependence o f  Vapor P r e s s u r e  a t  40°C 



Figure  2 .11 .  Concent ra t ion  Dependence of Vapor P r e s s u r e  st 6C1°C 

O Ternary Data 

El Binary Data 



0 Ternary  Data 

!3 Binary Data 

Figure2.12. Concent ra t ion  Dependence of Vapor P r e s s u r e  a t  80°C 



Table 2.5:  Value o f  T o t a l  G r a m  Ions/1000 Grams S o l u t i o n  

SOLUTION TGI SOLUTION TGI 

8.29 

10.28 

12.48 

7.29 

9.60 

11.44 

13.16 

8.42 

10.75 

12.59 

10.15 

11.91 



where A, B, C ,  and D a r e  t h e  c o e f f i c i e n t s .  They were cons t an t  f o r  a 

g iven  tempera ture  and a l l  concen t r a t ions .  

The c o e f f i c i e n t s  have a  d e f i n i t e  va lue  f o r  each tempera ture  for 

which d a t a  w a s  taken.  This  is shown i n  Table 2.6. The nex t  s t e p  was 

t o  de te rmine  t h e  tempera ture  dependence of t h e  c o e f f i c i e n t s .  It w a s  found 

t h a t  i t  could b e  r ep re sen ted  by a  s imple  func t ion  of tempera ture ,  

Polynomial least s q u a r e s  f i t s  were performed on t h e  original A, 

B, C ,  D c o e f f i c i e n t s  and f u n c t i o n a l  forms were de r ived  f o r  t h e i r  temper- 

a t u r e  dependence. The same s u b r o u t i n e  w a s  used a s  p r e v i o u s l y  t o  fit the  

d a t a .  Curves of  A, B ,  C ,  D v e r s u s  tempera ture  a r e  p re sen ted  i n  F i g u r e s  

2.13 through 2.16 . The b e s t  f i t  l i n e  through t h e  c o e f f i c i e n t s  i s  also 

p l o t t e d  i n  t h e  above f i g u r e s .  

From t h e s e  procedures  a f i n a l  equa t ion  was developed 

where A, B, C ,  D are now tempera ture  dependent and have t h e  following 

form: 

. A = A1 + AZ/T + A ~ / T  
2 

B = B + BZT + B3T 2 
1 

C = C + CZT + C3T 2 
1 

D = D + DZT + D3T 2 
1 

These va lues  a r e  p re sen ted  i n  Table 2.7. 

A s  an added check, vapor  p r e s s u r e s  were c a l c u l a t e d  for each 

s o l u t i o n  a t  tempera tures  of  30°, 50°, and 70° by means of t h e  original 



Tab le  2.6 : Values o f  C o e f f i c i e n t s  o f  Equat ion en P = A + BR + C$ + 0k3 

B C Temp - A D 

25" 3.1419 9.3469 x -46:764 x -1.0452 x 

-40" 3.9994 -2.1853 x -30.902 x -1.4434 x 10"~ 

60" 5.0153 -17.7410 x - 8.9406 x -1,9669 x los4 

' 80" 5.8906 -22 .80 35 x lom3 - . 5 9 8 8 x 1 0 - ~  -2.1366 x 



Temperature (OC) 

Figu re  2 .13.  Temperature Dependence of  "A" C o e f f i c i e n t  



25 30 4 0 5 0 6 0 70 

Temperature (OC) 

Figure  2.14 . Temperature Dependence of "B" Coefficient.  



1 .  

0 Calcu la t ed  

Temperature (OC) 

Figure  2 .15 .  Temperature Dependence of "C" C o e f f i c i e n t  

O Experimental 



0 Experimental 

B) Calculated 

Temperature (OC) 

Figure 2.16. Temperature Dependence of "D9' Coefficient 



Table 2.7: Values of Coef f ic ien t s  Used t o  F i t  Temperatu~ce 
Dependence of Original  Coef f ic ien t s  



equat ions  which f i t  t h e  temperature dependence of t h e  vapor pressure 

of  each i n d i v i d u a l  so lu t ion .  These po in t s  were then p l o t t e d  .trersers 

t o t a l  gram ions/1000 grams so lu t ion .  They exhibi ted  the  same sandom 

s c a t t e r  and were q u i t e  e a s i l y  f i t t e d  t o  a cubic equation a s  were the 

o r i g i n a l  d a t a  po in t s .  These a r e  shown i n  Figures 2.17 through 2.19, 

To add f u r t h e r  credence t o  t h e  method, t h e  c o e f f i c i e n t s  of 

exh ib i t ed  t h e  same temperature dependency a s  d i d  t h e  c o e f f i c i e n t s  f i t  

t o  t h e  o r i g i n a l  da ta .  They, i n  f a c t ,  deviated very l i t t l e  f r o m  the 

b e s t  f i t  l i n e  drawn t o  f i t  t h e  o r i g i n a l  c o e f f i c i e n t s  a s  shown i n  

Figures 2.13through 2.16. The c i r c l e s  represent  c o e f f i c i e n t s  from. 

d a t a  po in t s  a t  25", 40°, 60" and 80"; while t h e  darkened c i r c l e s  are 

c o e f f i c i e n t s  from the  ca lcu la ted  p o i n t s  a t  30°, 50' and 70". Ttme line 

i s  t h e  b e s t  of t h e  o r i g i n a l  c o e f f i c i e n t s .  



Vapor Pressure  (mm. Hg) 

Figure  2.17. Concentration Depeildence o f  Vapor P ressure  a t  30°C 

O Ternary Data 

@ Binary Data 



Vapor P ressu re  (mm. Hg) 

Figure  2.18. Concentrat ion Dependence of Vapor P ressu re  a t  50'6 
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Vapor Pressure (mm. Hg) 

Figure 2.19. Concentration Dependence of Vapor Pressure a t  70°C 



2.5 Conclusion and Future  Work 

Fu tu re  work i n  t h i s  f i e l d  should  c o n s i s t  of s tudy ing  vapor 

p r e s s u r e  d a t a  f o r  more systems. Some of t h i s  d a t a  w i l l  be  a v a i l a b l e  

i n  t h e  l i t e r a t u r e ,  some w i l l  have t o  be  obta ined  exper imenta l ly ,  In 

t h i s  way ex tens ions  of t h e  p r e s e n t  work may r e s u l t .  

The most important  ques t ion  i s  whether o r  n o t  o t h e r  systems 

may be  f i t t e d  by t h i s  same g e n e r a l  form of equat ion .  This  i s  dependent 

on an  even more fundamental ques t ion ;  i .e. ,  are a l l  i o n s  s u f f i c i e n t l y  

a l i k e  t o  produce t h e  same k ind  of  i n f l u e n c e  on vapor  p r e s s u r e  and o t h e r  

thermodynamic p r o p e r t i e s .  I f  they  a r e  n o t  a l i k e ,  then do t h e  c o e f f i -  

c i e n t s  used t o  f i t  t h e  d a t a  have any s i g n i f i c a n c e  on t h e  molecular  

l e v e l ?  

This  method al lows t h e  f i t t i n g  of s t r o n g  t e r n a r y  e l e c t r o l y t e  

vapor  p re s su res  from d a t a  f o r  on ly  one b inary .  For some systems i t  

may b e  necessary  t o  have d a t a  f o r  bo th  b i n a r i e s  o r  a t  wors t  f o r  a f e w  

t e r n a r y  p o i n t s .  For t h e  KOH-K CO -H 0  system a l l  t h a t  i s  necessary  a t  
2 3 2  

t h e  temperatures  i n  ques t ion  a r e  t h e  vapor  p r e s s u r e  d a t a  from one binary 

s y s  tem (KOH-H20) . 
The b a s i c  p o s t u l a t e  of t h i s  method i s  t h a t  a l l  i o n s  i n  t h e  system 
- - 

(K', COj , OH-) have t h e  same e f f e c t  on vapor  p re s su re .  This  n e g l e c t s  

t h e  e f f e c t  of  i o n i c  s i z e ,  charge,  and i n t e r a c t i o n s  wi th  wa te r ,  mether 

o r  n o t  t h e s e  e f f e c t s  become more important  a t  h ighe r  temperatures  s h o u l d  

be a s c e r t a i n e d .  It i s  suspec ted  t h a t  they w i l l  have an  apprecj-able e f f e c t ,  



This  method should a l s o  b e  capable  of p r e d i c t i n g  t h e  behavior  

o f  more complicated systems;  i . e . ,  t h o s e  c o n t a i n i n g  more than  t h r e e  

k inds  of i o n s .  C e r t a i n  methods have employed t o t a l  m o l a l i t y  hut t h e s e  

have neve r  been a c c u r a t e  f o r  t h e  h i g h l y  concen t r a t ed  s o l u t i o n s  i n  question 

h e r e .  However, ve ry  few d a t a  e x i s t  f o r  more complicated sys tems,  either 

t e r n a r y  systems w i t h  f o u r  d i s t i n c t  i o n s ,  o r  qua te rna ry  systems.  

One procedure  f o r  d a t a  c o r r e l a t i o n  which could prove t o  be a 

s i m p l i f i c a t i o n  o f  t h e  procedure used h e r e  remains t o  b e  i n v e s t i g a t e d ,  

F i t t i n g  1 - P/Po vs .  t h e  concen t r a t ion  v a r i a b l e  (where P is  t h e  vapor 

p r e s s u r e  of t h e  s o l u t i o n  and P t h a t  of wa te r )  g ives  t h e  sane  type of 
0 

cu rves  ob ta ined  i n  t h i s  a n a l y s i s .  The temperature-dependence of the 

c o e f f i c i e n t s  t hus  ob ta ined  could n o t  be  a s c e r t a i n e d .  Perhaps i t  would 

be  p o s s i b l e  t o  o b t a i n  an a n a l y t i c a l  form i n  which t h e  c o e f f i c i e n t s  are 

n o t  temperature-dependent.  I f ,  i n  f a c t ,  a l l  i o n s  e x e r t  t h e  same 

i n f l u e n c e  a t  t h e s e  t empera tu re s ,  t h i s  would g ive  a g e n e r a l  equat ion  f o r  

vapor  p r e s s u r e s  of s o l u t i o n s  of n o n v o l a t i l e  e l e c t r o l y t e s .  

A new manometer i s  i n  t h e  des ign  s t a g e .  It w i l l  have  a much 

. . l a r . ge r  range  ( i n  t h e  v i c i n i t y  of  300 mm) and w i l l  be  c o n s t r u c t e d - o f  

m e t a l .  Measurements w i l l  be  made by e l e c t r i c a l  c o n t a c t s  r a t h e r  than by 

. v i s u a l  means. This  should  improve accuracy  by e l i m i n a t i n g  t h e  use of  

s t a n d a r d  s o l u t i o n s .  The problem of  d e p o s i t s  on t h e  mercury s u r f a c e  which 

do n o t  permi t  a c c u r a t e  v i s u a l  s i g h t i n g  should a l s o  b e  e l imina ted .  Metal  

w i l l  a l s o  a l low h i g h  tempera ture  measurements t o  be  made more easily, 



3. P a r t i a l  Molal Volumes of Gases Dissolved i n  E l e c t r o l y t e  
S o l u t i o n s  

The exper imenta l  de te rmina t ions  of t h e  p a r t i a l  molal  volune 

of gases  i n  water  and v a r i o u s  e l e c t r o l y t e  s o l u t i o n s  i s  now essentia:Lly 

complete. S t u d i e s  have been made o f  t h e  KOH system, o t h e r  s a l t i n g -  

o u t  e l e c t r o l y t e s ,  and some s a l t i n g - i n  s a l t s .  The experiments were 

designed t o  s tudy  t h e  e f f e c t  of i o n i c  s i z e  and charge;  i o n  concentra-  

t i o n ;  and i o n  type  on t h e  p a r t i a l  molal volumes of v a r i o u s  s o l u t e  

gases  i n  t h e s e  e l e c t r o l y t e  s o l u t i o n s .  I n  s e c t i o n  3 .1  a b r i e f  review 

of prev ious  experiments is  g iven  and i n  s e c t i o n  3.2 a  d e t a i l e d  descrip- 

t i o n  of t h e  exper imenta l  appa ra tus  and method i s  p re sen ted .  The 

r e s u l t s  of experiments w i th  gases  i n  v a r i o u s  e l e c t r o l y t e  s o l u t i o n s  

are g iven  i n  s e c t i o n  3 .3  and a  comparison wi th  t h e  p rev ious ly  described 6 

theory  i s  made i n  s e c t i o n  3.4.  

3 .1  I n t r o d u c t i o n  

There has  been no comprehensive s tudy  made of t h e  p a r t i a l  

molal  volume o f  nonpolar gases  i n  i o n i c  s o l u t i o n s .  A few s c a t t e r e d  

7 d a t a  e x i s t ,  e .g . ,  oxygen i n  s e a  water  , and n i t r o g e n  and methane i n  

8 sodium c h l o r i d e  . Both of t h e s e  s t u d i e s  r e p o r t  v a l u e s  ob ta ined  f r o m  

h igh  p r e s s u r e  s o l u b i l i t y  measurements. There have been a  number of 

a t  9,10 s t u d i e s  of  t h e  p a r t i a l  molal  volume of gases  i n  pu re  wa te r .  Angstrom 

was t h e  f i r s t  t o  measure d i l a t o m e t r i c a l l y  t h e  change i n  s o l u t i o n  

volume upon t h e  d i s s o l u t i o n  of a s e r i e s  of s l i g h t l y  s o l u b l e  gases  i n  

pu re  water .  The comprehensive s t u d i e s  of ~ o r i u t i l '  d id  no t  include 



any s t u d i e s  i n  water  and i t  was not  u n t i l  t h e  1945 work of Kri tchevsky 

and 11inskaya12 t h a t  any o t h e r  p a r t i a l  molal  volumes of gases  i n  water 

appeared. S ince  then  t h e r e  have appeared s e v e r a l  o t h e r  s t u d i e s  i n  

water by h igh  p r e s s u r e  s o l u b i l i t y  measurements 7'8'13y14 and dens i to-  

metry "13. While most of t h e s e  d a t a  a r e  c o n s i s t e n t  t o  about  R%,  

d i sc repanc ie s  a s  h igh  a s  30% a r e  common. The primary r eason  f o r  t5is 

v a r i a t i o n  i s  t h e  extremely low s o l u b i l i t y  of most gases  i n  wa te r ,  

The aim of  t h i s  experimental  s tudy  was t o  determine t h e  e f fec t  

of i o n i c  concen t r a t ion ,  i o n  s p e c i e s ,  and molecular  p r o p e r t i e s  of t h e  

s o l u t e  gas  on  t h e  p a r t i a l  molal  volume of t h e  s o l u t e  i n  a n  e l e c t r o -  

l y t e  s o l u t i o n .  Two broad c a t e g o r i e s  of s a l t s  were used i n  t h i s  study: 

s a l t i n g - o u t  e l e c t r o l y t e s  such a s  t h e  a l k a l i  h a l i d e s  and potassium 

hydroxide, and s a l t i n g - i n  e l e c t r o l y t e s  such a s  t h e  t e t r a - a l k y l  amoniwx 

bromides. The a l k a l i  h a l i d e s  were used because of  t h e i r  wel l-def ined 

s o l u t i o n  behavior  and t h e  potassium hydroxide s y s  tem was s t u d i e d  

because of i t s  importance as a  f u e l  c e l l  e l e c t r o l y t e .  The t e t r a -  

a l k y l  ammonium s a l t s  were s t u d i e d  because of t h e i r  p e c u l i a r  s o l u t i o n  

behavior  (e.g. ,  l a r g e  s a l t i n g - i n  e f f e c t s  15y16'17, h igh  v i s c o s i t y  l 8 ,19  

unusual molal  h e a t  capac i ty  20'21 
and a c t i v i t y  c o e f f i c i e n t s  2 2 , 2 3 )  

It i s  q u i t e  p o s s i b l e  t h a t  t h e s e  types  of i o n s  might have v a l u a b l e  

p r a c t i c a l  s i g n i f i c a n c e  i n  improving t h e  s o l u b i l i t y  of some s o l u t e s ,  

This  could b e  of i n d u s t r i a l  s i g n i f i c a n c e  i n  c e r t a i n  s tagewise separ -  

a t i o n  processes  where t h e  u s e  of  i o n i c  a d d i t i v e s  o r  mixed e l e c t r o -  

l y t e  s o l u t i o n s  could  b e  used t o  a d j u s t  s a l t i n g - i n  o r  s a l t i n g - o u t  

c h a r a c t e r i s t i c s  a s  w e l l  a s  o t h e r  thermodynamic p r o p e r t i e s .  The 



p o s s i b l e  u se  of mixed e l e c t r o l y t e s  i n  f u e l  c e l l s  i s  ano the r  a r e a  o f  

p a r t i c u l a r  i n t e r e s t  t h a t  has  not  a s  y e t  been s t u d i e d  thoroughly,  

The e f f e c t s  of i o n i c  r a d i i  were s t u d i e d  by measuring the 

p a r t i a l  molal volume of  argon i n  K C 1  and K I ,  and of argon and methane 

i n  (CH3)4NBr and (C H ) N B r .  The e f f e c t  of t h e  s o l u t e  gas p rope r t2es  
4  9 4  

w a s  s t u d i e d  by measuring t h e  p a r t i a l  molal  volumes of a rgon ,  methane 

and e thane  i n  K C 1  s o l u t i o n s .  I n  t h e  s a l t i n g - i n  systems t h e  gases  a rgon  

and methane were used.  The e f f e c t  of  i o n i c  charge  was s t u d i e d  by 

measuring argon i n  CaCl The s t r o n g l y  s a l t i n g - o u t  system KOK, i n  
2 ' 

p a r t i c u l a r  t h e  02-KOH and H -KOH systems were s t u d i e d  f o r  t h e i r  s p e c i a l  2 

s i g n i f i c a n c e  t o  f u e l  c e l l  o p e r a t i o n .  A l l  o f  t h e  p a r t i a l  molal volumes 

determined i n  t h i s  s tudy  were a t  a tmospheric  p r e s s u r e  and 2 5 O C .  

3.2  Apparatus and Experimental Procedure 

A t  low p res su res  (atmospheric)  two d i s t i n c t  techniques  to 

determine t h e  p a r t i a l  molal volume of  s l i g h t l y  s o l u b l e  gases  i n  l i q u i d  

B 1 
s o l u t i o n s  have been used: t h e s e  are H o r i u t i ' s  d i l a t o m e t r i c  method 

and s e n s i t i v e  s o l u t i o n  d e n s i t y   determination^'^'^^. The l a t t e r  

method needs extremely good tempera ture  c o n t r o l  a s  w e l l  as a  method 

-- 7 f o r  measuring r e l a t i v e  s o l u t i o n  d e n s i t i e s  t o  a n  accuracy of 10 (lom8 

f o r  concent ra ted  e l e c t r o l y t e  s o l u t i o n s ) .  Another method t o  determine 

t h e  p a r t i a l  molal  volume i s  h igh  p r e s s u r e  s o l u b i l i t y  s t u d i e s .  If one 

determines t h e  s o l u b i l i t y  over  a  s u i t a b l e  range  of  p r e s s u r e ,  t h e  

p a r t i a l  molal  volume can  b e  determined from t h e  r e l a t i o n  



Taking s l o p e s  of such s o l u b i l i t y - p r e s s u r e  p l o t s  o f t e n  involves  a  Large 

pe rcen t  e r r o r  and such measurements were g e n e r a l l y  considered u n s u i t a b l e  

f o r  t h e  e l e c t r o l y t e  s o l u t i o n s  s t u d i e d  i n  t h i s  work. It i s  gene ra l ly  

f e l t  t h a t  t h e  H o r i u t i  d i l a t o m e t r i c  method i s  t h e  b e s t  of t h e s e ,  and 

25 i t  i s  used by most workers i n  t h e  f i e l d  . W e  have used a  modifi- 

c a t i o n  of t h e  H o r i u t i  method i n  t h i s  work. Most d i l a t o m e t r i c  measure- 

ments have been done on systems where t h e  mole f r a c t i o n  s o l u b i l i t y  of 

-4 
t h e  s o l u t e  gas  was about lo-' - 1 0  . The systems encountered i n  this 

s tudy  had cons iderably  lower s o l u b i l i t i e s ,  X1 - - and a n  

i n c r e a s e  i n  t h e  s i z e  of  t h e  d i l a tome te r  a s  w e l l  a s  extremely a c c u r a t s  

tempera ture  and p r e s s u r e  c o n t r o l s  were r equ i r ed  i n  o r d e r  t o  achieve  

t h e  d e s i r e d  7,  measurements of gases  i n  i o n i c  s o l u t i o n s .  
1 

3.2.1 Experimental Apparatus 

- 41 The experimental  appara tus  i s  e s s e n t i a l l y  t h a t  of Hori-utl  

w i t h  a few important  improvements. F igu re  3.1 shows t h e  modified diEa- 

tometer  i n  which t h e  a c t u a l  p a r t i a l  molal  volume measurement i s  made. 

It i s  cons t ruc t ed  e n t i r e l y  o u t  of g l a s s  and c o n s i s t s  of  a 500 ml bulb  

w i t h  c a l i b r a t e d  p r e c i s i o n  bo re  c a p i l l a r y  s i d e  arms and a n  e x t e r n a l l y  

d r i v e n  magnetic s t i r r i n g  device .  One of t h e  c a p i l l a r y  s i d e  arms  i s  

fused  i n s i d e  t h e  lower p o r t i o n  of t h e  bulb  f o r  t h e  purpose of passing 

gaseous s o l u t e s  d i r e c t l y  i n t o  t h e  s o l u t i o n  l i q u i d .  Mercury i 3  t h e  

bottom of t h e  d i l a tome te r  s e r v e s  t o  i s o l a t e  t h e  so lven t  i n  t h e  bulb  

and a l s o  i n d i c a t e s  t h e  t o t a l  system volume by t h e  p o s i t i o n  of t h e  

mercury th reads  i n  t h e  c a p i l l a r y  s i d e  arms. Sealed i n t o  t h e  bulb  i s  

a n  a l l - g l a s s  enclosed magnetic b a r  a t t a c h e d  t o  a s t i r r i n g  s h a f t  w i t h  



Figure  3.1. Dilatometer  i n  Which t h e  Measurement of t h e  Partial. 
Molal Volume i s  Made. 



b lades  t h a t  can be d r iven  by a n  e x t e r n a l  magnetic motor. The d i l a t o -  

meter  bu lb  is of much g r e a t e r  volume than  used by H o r i u t i  (40-150 cr), 

p r i n c i p a l l y  bacause t h e  gas s o l u b i l i t i e s  encountered i n  concent ra ted  

e l e c t r o l y t e  s o l u t i o n s  a r e  u s u a l l y  about  a n  o r d e r  of magnitude o r  more  

sma l l e r  t han  those  i n  pu re  water .  Table 3.1 shows t h e  v a r i o u s  s i z e s  

of d i l a t o m e t e r s  used i n  t h i s  s tudy .  The c a p i l l a r y  s i d e  arms o f  t h e  

d i l a tome te r  were made of Trubore c a p i l l a r y  tub ing  and c a l i b r a t e d  by 

in t roduc ing  a  known weight of very  pu re  mercury i n t o  t h e  c a p i l l a r y  

th read  and a f t e r  e q u i l i b r a t i o n  i n  t h e  cons tan t  temperature bath read- 

i n g  t h e  volume of t h e  mercury w i t h  a  ca the tometer .  

The e n t i r e  system i s  shown schemat i ca l ly  i n  F i g u r e  3 .2 ,  The 

d i l a tome te r  i s  p laced  i n  a commercially a v a i l a b l e  cons t an t  temperature 

b a t h ,  t h e  Neslab Model TEV70, equipped wi th  q u a r t z  i n f r a - r ed  h e a t e r s  and 

s o l i d  s t a t e  r e l a y s  having a very  r a p i d  response  t ime.  A c i r c u l a t i n g  

coo l ing  system, Neslab Model RTE3, was used i n  conjunct ion  w i t h  t h e  

main b a t h  i n  o rde r  t o  achieve  t h e  d e s i r e d  temperature c o n t r o l  o f  + O,OOPQ@ - 

a t  25°C. The temperature was monitored wi th  a  Hewlett-Packard q u a r t z  

thermometer capable  of a  d i g i t a l  temperature d i s p l a y  w i t h  a  r e s o l u t i o n  

of 0.000l0C. Two temperature s ens ing  probes were used; one i n  t h e  bath 

i t s e l f  and ano the r  which could b e  p laced  i n  a  temperature s enso r  well 

i n  t h e  d i l a tome te r .  This  ins t rument  allowed us t o  monitor t h e  tempera- 

t u r e  of t h e  system a t  w i l l  and a ided  i n  e s t a b l i s h i n g  good o v e r a l l  temper- 

a t u r e  c o n t r o l  ( i . e . ,  + O.OOl°C). The temperature c o n t r o l  s y s t m ~ ~ .  w a s  - 
s t a b l e  f o r  a few days provided t h e r e  were no d r a s t i c  environmental Siuc- 

t u a t i o n s .  I f  t h e  room temperature changed apprec i ab ly  a  r e s u l t a n t  d r i f r  

of a  few thousandths of a  degree i n  t h e  ba th  temperature was noted ,  



Table 3.1: Calibration of Dilatometers 

Dilatometer Approximate Total Volume Capillary Side Arm T . D ,  
Number of Dilatometer CF. (+ 0.001) m.m. - 





Since  t h e  temperature had t o  be  c o n t r o l l e d  a c c u r a t e l y  only  a t  t h e  

s t a r t  and end of a n  experiment,  any temperature s h i f t s  dur ing  a r u n  

could be  accounted f o r  by simply s h i f t i n g  t h e  temperature c o n t r o l  

s e t -po in t  s l i g h t l y  u n t i l  t h e  system was a g a i n  s t a b l e  a t  t h e  i n i t i a l  

temperature.  I n  t h i s  way t h e  system temperature i n i t i a l l y  and finally 

was cons tan t  (+ O.OOl°C) and no tempera ture  induced volume c o r r e c t i o n  - 
was r equ i r ed .  Although t h e  b a t h  temperature had ins tan taneous  random 

f l u c t u a t i o n s  of + O . O O l ° C  i t  was es t imated  t h a t  f o r  most runs  the - 
temperature f l u c t u a t i o n s  i n s i d e  t h e  d i l a tome te r  were somewhat less. 

A gas  b u r e t ,  c o n s i s t i n g  of  a  s e r i e s  of  c a l i b r a t e d  bulbs  o f  

about  2cc and 5cc  volume ( s e e  Table  3.2) and a 5cc  p r e c i s i o n  micro- 

b u r e t t e ,  which was housed i n  a  p l e x i g l a s  box, was connected t o  the 

d i l a tome te r  i n  t h e  ba th .  A compensating manometer f i l l e d  wi th  a 

s e n s i t i v e  (S.G. = 1.75) i n d i c a t i n g  f l u i d  enabled one t o  measure gas 

volumes t o  an  accuracy of  + 0.002 m l .  A l l  t ub ing  connect ing the g a s  - 
b u r e t  t o  t h e  d i l a tome te r  was c a p i l l a r y  tub ing  t o  minimize t h e  volume 

and a l l  s topcocks were p r e c i s i o n  bo re  p r e s s u r e  s topcocks t o  e l i m i n a t e  

any leakage  of gas  as i t  i s  t r a n s f e r r e d  from t h e  b u r e t  t o  t h e  dilata- 

meter .  Volume changes were read  by a  cathetometer  s i t u a t e d  about  5 

f e e t  from t h e  main ba th .  A barometer was a l s o  housed i n  t h e  l a b o r a t o r y  

and enabled a c c u r a t e  atmospheric  p r e s s u r e s  t o  b e  determined. 

3.2.2 F i l l i n g  of Di la tometers  

The d i l a tome te r s  were c a r e f u l l y  cleaned and charged wi th  about  

lOcc of f r e s h l y  cleaned pure  mercury. It i s  extremely i m p o r t a ~ ~ t  t h a t  

t h e  d i l a tome te r ,  mercury and e l e c t r o l y t e  s o l u t i o n  b e  c l e a n  and f r e e  

from contaminants a s  t h e  accuracy of t h e  experiment can be d r a s t i c a l l y  



Table 3.2: C a l i b r a t i o n  of Gas Buret Bulbs 

Volume of Cap i l l a ry  Lines 
Bulb Volume, c c  (? 0.001) Connecting t h e  Gas Bulbs/Division 



a f f e c t e d  by impure mercury s u r f a c e s  i n  any d i l a tome te r  c a p i l l a r y  l i n e s .  

The s o l v e n t  ( i n  t h i s  ca se  e l e c t r o l y t e  s o l u t i o n )  was i n i t i a l l y  filtered 

and then  degassed by b o i l i n g  under vacuum a t  room temperature i n  a  

2 l i t e r  f l a s k  a s  shown i n  F igu re  3 . 3 .  It is  no t  a s  important  to  o b t a i n  

a completely gas - f r ee  s o l v e n t  as i t  i s  i n  s o l u b i l i t y  de te rmina t ions  

s i n c e  i t  i s  only  necessary  t o  determine s o l u t i o n  volume changes due  t o  

incrementa l  a d d i t i o n s  of t h e  gas  t o  t h e  s o l u t i o n .  It is  advantageous, 

however, t o  have a  well-degassed s o l v e n t  s i n c e  more gas can be d i s so lved  

i n  i t ,  and i n  t h e  c a s e  of concent ra ted  e l e c t r o l y t e  s o l u t i o n s  t h i s  Is 

very  impor tan t  owing t o  t h e  extremely low gas  s o l u b i l i t i e s .  The diLa- 

tometer  was connected t o  t h e  degassing appa ra tus  ( a s  shown i n  Figure 3 - 3 )  

and i n i t i a l l y  evacuated.  The degassed s o l v e n t  was then  sprayed i n t o  

t h e  evacuated d i l a tome te r  through one of t h e  c a p i l l a r y  l i n e s  u n t i l  i t  

completely f i l l e d  t h e  bulb  and s i d e  arms. Once f i l l e d  t h e  whole system 

was brought  t o  atmospheric  p r e s s u r e ,  t h e  d i l a tome te r  was disconnected 

from t h e  degassing appa ra tus  and turned  u p r i g h t .  It was then  placed i n  

t h e  c o n s t a n t  temperature b a t h  and t h e  s i d e  arms emptied of t h e i r  liquid 

con ten t  by f o r c i n g  t h e  mercury thread  up a long  each stem. Mercury addi-  

t i o n s  could be  made s o  t h a t  t h e  th read  was s i t u a t e d  i n  t h e  c a l i b r a t e d  

s e c t i o n  of t h e  c a p i l l a r y  s i d e  arms. Care was a l s o  taken  t o  a s s u r e  that 

t h e r e  were no bubbles  of gas  i n  t h e  d i la torne ter  and t h a t  t h e  mercury 

th reads  were unbroken and moved evenly i n  t h e  c a p i l l a r y  l i n e s .  

3 . 2 . 3  Measurement of P a r t i a l  Molal Volume of Gases i n  E l e c t r o l y t e  
S o l u t i o n s  

The charged d i l a t o m e t e r s  were al lowed t o  e q u i l i b r a t e  i n  t h e  

b a t h  f o r  s e v e r a l  hours  w i t h  cons t an t  s t i r r i n g .  The c a p i l l a r y  l i n e s  
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Figure  3.3;  Apparatus f o r  Degassing E l e c t r o l y t e  So lu t ions  and 
F i l l i n g  of t h e  Di la tometer .  



l e a d i n g  i n t o  t h e  d i l a t o m e t e r  and from t h e  gas b u r e t  were f lu shed  with 

t h e  s o l u t e  gas and then  connected t o  t h e  gas b u r e t .  The whole system, 

d i l a tome te r  and gas  b u r e t ,  was brought t o  atmospheric  p r e s s u r e  and 

t h e  volume of gas  and t h e  h e i g h t s  of t h e  mercury th reads  i n  t h e  dila- 

tometer  were read .  Bath temperature,  gas  temperature and barometr ic  

p r e s s u r e  were a l s o  noted.  The d e s i r e d  volume of gas ( 0 . 5 - 3 . 0 ~ ~ )  from 

t h e  gas b u r e t  was allowed t o  bubble i n t o  t h e  d i l a tome te r  under p r e s s u r e  

from t h e  mercury l e v e l i n g  tube  and /o r  a  low s u c t i o n  app l i ed  t o  t h e  

atmospheric  l e g  of  t h e  d i l a tome te r .  A f t e r  pas s ing  t h e  d e s i r e d  amount 

of gas i n t o  t h e  d i l a t o m e t e r  t h e  gas b u r e t  was brought  back t o  the 

r e f e r e n c e  p r e s s u r e  cond i t i ons  by means of t h e  compensating manometer 

and t h e  f i n a l  gas  volume was noted.  A c o r r e c t i o n  was made f o r  t h e  

change o f  h e i g h t  o f  t h e  mercury th read  i n  t h e  d i l a tome te r  and t h i s  

volume w a s  added t o  t h e  r ead ing  ob ta ined  from t h e  gas b u r e t .  

Even w i t h  cons t an t  s t i r r i n g , t h e  d i s s o l u t i o n  of t h e  gas required 

anywhere from s e v e r a l  hours  i n  pu re  water  t o  a  f u l l  day o r  more in 

some of t h e  concent ra ted  e l e c t r o l y t e  s o l u t i o n s .  Great  c a r e  was cake3 

t o  i n s u r e  t h a t  a l l  gas  was d i s so lved  and t h a t  t h e r e  were no r e s i d u a l  

sma l l  bubbles  of gas  t rapped i n  t h e  mercury. I f ,  a f t e r  complete d i s so lu -  

t i o n  of t h e  gas ,  t h e  ba th  tempera ture  had f l u c t u a t e d  more than O.OBL°C 

from t h e  i n i t i a l  v a l u e  i t  was brought  back t o  t h e  o r i g i n a l  temperature 

by a n  adjustment  of t h e  c o n t r o l l e r  s e t -po in t  t o  e l i m i n a t e  any volume 

changes due t o  temperature v a r i a t i o n s .  Compress ib i l i ty  e f f e c t s  due  to 

t h e  a d d i t i o n a l  p r e s s u r e  caused by a r i s e  i n  t h e  h e i g h t  of  t h e  mercnry 

th reads  a f t e r  complete d i s s o l u t i o n  of t h e  gas had t o  be  accounted for. 

I n  o r d e r  t o  avoid  any c o r r e c t i o n s ,  t h e  p r e s s u r e  i n s i d e  t h e  d i l a tome te r  



be fo re  gas a d d i t i o n  and a f t e r  complete gas  d i s s o l u t i o n  had t o  be t h e  

same. This  was accomplished by p u l l i n g  a  s l i g h t  s u c t i o n  on one o f  t h e  

l e g s  of t h e  d i l a tome te r  so  t h a t  t h e  h e i g h t  of mercury i n  t h e  o t h e r ,  

t h e  atmospheric  s i d e ,  r e tu rned  t o  i t s  o r i g i n a l  (be fo re  gas a d d i t i o n )  

l e v e l .  The volume change of t h e  system was then  read  w i t h  t h e  cathe- 

tometer by not ing  t h e  change i n  h e i g h t s  of t h e  mercury th reads .  This  

compres s ib i l i t y  c o r r e c t i o n  w a s  one of t h e  major sources  of e r r o r  i n  

e a r l i e r  fj. work and t h e  method desc r ibed  h e r e  i s  a n  e f f e c t i v e  and 
1 

c o r r e c t  means of avoid ing  any compres s ib i l i t y  c o r r e c t i o n s  due t o  p r e s s u r e  

change. Atmospheric p r e s s u r e  changes were u s u a l l y  no t  s i g n i f i c a n t  

dur ing  a  run;  however, t h e  barometer was read  a g a i n  a t  t h e  end of a 

r u n  and a  c o r r e c t i o n  was p o s s i b l e  when a  s i g n i f i c a n t  change i n  baro- 

m e t r i c  p r e s s u r e  occurred.  

Depending upon t h e  gas s o l u b i l i t y  one t o  f o u r  a d d i t i o n s  of  gas 

were made t o  t h e  same s o l u t i o n .  From t h e  d e f i n i t i o n  of t h e  p a r t i a l  

mola l  volume 

incrementa l  changes of volume r e s u l t a n t  from incrementa l  changes o f  

gas  added t o  t h e  s o l u t i o n  g i v e s  ti. A l l  of t h e  s o l u t i o n s  encountered 

-5 were extremely d i l u t e  (about  1 0  moles of gas  added) so t h a t  the p a r t i a l  

molal  volumes s o  determined were t h e  l i m i t i n g  va lues  f o r  a n  in . f in i teLy 

d i l u t e  s o l u t i o n  of gas  i n  a n  e l e c t r o l y t e  s o l u t i o n .  

3 . 2 . 4  Chemicals and P repa ra t ion  of So lu t ions  

Argon, hydrogen and oxygen were 99.9% min. p u r i t y  suppl ied  by 



Airco ,  and methane and e thane  were C.P. grade  99.0% min. puriity suppl ied  

by Matheson Gas Products .  KC1,  K I ,  KOH and CaC12 were Baker Analyzed 

Reagent Grade, and t h e  t e t r a - a l k y l  ammonium bromides were C . P ,  g r a d e  

supp l i ed  by Eastman Kodak Chemicals Company. A l l  of t h e s e  s a l t s  were 

used wi thou t  f u r t h e r  p u r i f i c a t i o n .  E l e c t r o l y t e  s o l u t i o n s  were p r e p a r e d  

by d i s s o l v i n g  weighed q u a n t i t i e s  of t h e  s a l t s  i n  d i s t i l l e d  wa te r .  The 

r e s u l t a n t  s o l u t i o n s  were f i l t e r e d  be fo re  a n a l y s i s .  The s o l u t i o n s  were 

analyzed a f t e r  degass ing  by t i t r a t i n g  w i t h  a s t anda rd  s i l v e r  n i t r a t e  

s o l u t i o n .  A check of some of t h e  s o l u t i o n s  a f t e r  t h e  experiment showed 

t h a t  no s i g n i f i c a n t  concen t r a t ion  changes occurred  due t o  handl ing  o f  

t h e  e l e c t r o l y t e  s o l u t i o n  dur ing  any run.  

3.2.5 S p e c i a l  Precaut ions  

Other  than  c a r e  i n  c l ean ing  of d i l a tome te r ,  mercury and s o l u t i o n ,  

and s t r i n g e n t  temperature c o n t r o l ,  t h e r e  a r e  a  few a d d i t i o n a l  p recau t ions  

t o  no te .  Most impor tan t  i s  t h e  f a c t  t h a t  minute gas  bubbles can become 

t rapped  i n  t h e  mercury and i f  t h e s e  a r e  not  completely d i s so lved  w i l l  

g i v e  erroneous t o t a l  volumes r ead ings .  These bubbles may be  a v o i d e d  i f  

t h e  s t i r r i n g  i s  s topped a t  t h e  t ime of gas  i n t r o d u c t i o n .  The gas then 

t ends  t o  remain i n  l a r g e  bubbles  and doesnot b reak  up i n t o  smal l  bubbles 

which might b e  t rapped  i n  t h e  mercury. Another problem has  been the 

phenomenon of c reeping  of t h e  s o l u t i o n  i n  t h e  c a p i l l a r y  l i n e s .  This 

makes i t s e l f  mani fes t  e s p e c i a l l y  i n  t h e  t e t r a - a l k y l  ammonium s y s t e n s  

and i n  systems where t h e  gas  d i s s o l u t i o n  i s  very  slow. It i s  evidenced 

by a smal l  l a y e r  of s o l u t i o n  t h a t  appears  over  t h e  mercury th read ,  In 

reading  t h e  f i n a l  volumes t h e s e  increments  of s o l u t i o n  must be  inc luded  



i n  t h e  t o t a l  volume t o  i n s u r e  a n  a c c u r a t e  r ead ing .  This  problem was 

a l l e v i a t e d  by being c a r e f u l  to  dry t h e  c a p i l l a r y  threads  i n i t i a l l y  and 

in t roduc ing  dry mercury i n t o  t h e  c a p i l l a r y  j u s t  p r i o r  t o  t h e  expertn~enf. 

Addi t iona l  problems were experienced w i t h  t h e  KOH systems due to the 

e t ch ing  of g l a s s  s u r f a c e s  by concenrra ted  KOH s o l u t i o n s .  This  meant 

t h a t  c a l i b r a t i o n  of t h e  d i l a tome te r  c a p i l l a r y  l e g s  was necessary  after 

runs  wi th  concent ra ted  KOH s o l u t i o n s ,  e s p e c i a l l y  i f  t h e  experiment 

r e q u i r e d  a  long t ime (more than  a  day).  

3.2.6 Ca lcu la t ions  

The p a r t i a l  molal volumes of a  gas  i n  a s o l u t i o n  was calcuHated 

as fol lows:  A known volume of gas  a t  a  g iven  tempera ture  and pressure 

w a s  charged i n t o  a  s o l v e n t  f i l l e d  d i l a t o m e t e r .  The number of moles, 

An, of gas added was c a l c u l a t e d  from a v i r i a l  equat ion  of state 

us ing  t h e  f i r s t  two v i r i a l  c o e f f i c i e n t s .  A t  room temperature this gives 

a c c u r a t e  r e s u l t s  f o r  a l l  t h e  gases  used. Table 3.3 shows t he  values of 

44 
B(T) a t  300°K used i n  t h i s  s tudy  which were taken  from Dymond and S n i i t h  a 

The va lues  of s o l u t i o n  volume change were obta ined  by measuring the heights 

of t h e  mercury th read  be fo re  and a f t e r  d i s s o l u t i o n  of t h e  known amount, 

An, of t h e  given gas .  Knowing t h e  va lues  of t h e  c a p i l l a r y  diameter  (Table 3.3) 

a volume change, AV, was determined. Having determined An and hV the 

p a r t i a l  molal volumes were c a l c u l a t e d  us ing  Equat ion (3-2). 

3 .3  R e s u l t s  and Discussion 

The experimental  r e s u l t s  f o r  t h e  g a s - e l e c t r o l y t e  s o l u t i o n  systems 

s t u d i e d  a r e  shown i n  F igures  3.4-3.7 and Tables  3.4-3.7. The dev ia t ions  



Table 3 . 3 :  Second V i r i a l  C o e f f i c i e n t s  of Gases a t  300°K 

Gas B(T) (cc/g mole) - 
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Figure  3.4 .  P a r t i a l  Molal Volume of Argon i n  E l e c t r o l y t e  Solutions: 
Effec t  of I o n i c  S ize  and Charge. 
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F igu re  3.6. P a r t i a l  Molal Volume of A r  and CH 4 i n  S a l t i n g - I n  Systems. 
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Table  3.4: P a r t i a l  Molal Volume of  Argon In 
Various I o n i c  So lu t ions  

E l e c t r o l y t e  

Water 

(cclg mole) 

31.71 + 0.43 



Table 3.5: Partial Molal Volume of 
Gases in KC1 at 2 5 O C  

Solute Gas C Pi 

(g mole/R) (cc/g mole) 



Table  3.6: P a r t i a l  Molal Volume o f  Argon and 
Methane i n  Tetra-Alkyl Ammonium Bromides 

S o l u t e  G a s  E l e c t r o l y t e  C 
Pi 

(g mole/R) (cc/g mole) 

Water 0.0 31.71 rt 0.43 

(Me) 4NBr 1.62 32.64 rt 0.77 

(Me) 4NBr  2.74 33.76 rt 0.77 

Water 0.0 37.42 0 0.45 

(Me)4NBr 1.62 39.39 0 1.57 

(Me) 4NBr 2.74 39.99 0 1.50 



Table 3.7: P a r t i a l  Molal Volume of Hydrogen 
and Oxygen i n  Potassium Hydroxide 

So lu t ions  a t  25OC 

So lu te  Gas 

( g  mole/R) (cc lg  mole) 



shown i n  t h e  t a b l e s  a r e  t h e  s t anda rd  d e v i a t i o n s  from t h e  a r i t h m e t i c  

mean of t h r e e  o r  more experiments.  The p r e c i s i o n  of t h e  measurements 

is  about  + 1.5% f o r  gases  i n  water  and about + 3% i n  i o n i c  s o l u t i o n s .  - - 
Most of t h e  gas-pure water  systems were es t imated  t o  have a t o t a l  

experimental  e r r o r  of about + - 3% w h i l e  t h e  concent ra ted  e l e c t r o l y t e  

s o l u t i o n s  e r r o r s  a r e  es t imated  a t  about + - 6%. The r e s u l t s  of t h i s  

work a g r e e  w i t h  most of t h e  l i t e r a t u r e  va lues  f o r  gases  i n  pu re  water  

and t h e  r e p r o d u c i b i l i t y  of t h e s e  experiments i s  about  the same or 

somewhat b e t t e r  t han  most p rev ious ly  r epo r t ed  r e s u l t s .  The primary 

- 5 
sou rce  of t h e s e  e r r o r s  was t h e  low s o l u b i l i t y  (- 10  moles) of t h e  

gases  i n  t h e  s o l u t i o n s  s t u d i e d .  This  r e s u l t e d  i n  having t o  determine 

- 3 
a c c u r a t e l y  volume changes as smal l  a s  10  cc.  Temperature f l u c t u a t i o n s  

were t h e  primary sou rce  of e r r o r  i n  making t h e s e  volume measureolents 

and p r e s s u r e  v a r i a t i o n s  caused a n  a d d i t i o n a l  e r r o r  though very  much 

s m a l l e r  than  t h e  temperature e f f e c t s .  Even though t h e  p a r t i a l  moQaX 

volumes were c a l c u l a t e d  by a f i n i t e  d i f f e r e n t i a l  approximation 

(Equation 3-2) t h e  ?. 's s o  c a l c u l a t e d  r e p r e s e n t  t h e  p a r t i a l  molal  
1 

~ o l u m e  a t  i n f i n i t e  d i l u t i o n  because of t h e  very  low mole f r a c t i o n s  

- 5 
of gas i n  t h e  i o n i c  s o l u t i o n  (- 10  - 

I n  F i g u r e  3.4 t h e  e f f e c t  of v a r i o u s  salts on  t h e  p a r t i a l  molai  

volume of argon is shown. It i s  f i r s t  s een  t h a t  f o r  t h e s e  s a l t i n g -  

o u t  i ons  t h e  e f f e c t  of  i nc reas ing  s a l t  concen t r a t ion  decreases  t h e  

p a r t i a l  molal  volume al though not  d r a s t i c a l l y .  For t h e  salts K C I  and 

K I  t h e  e f f e c t  of  i n c r e a s i n g  t h e  s i z e  of one i o n  (I- > ~ 1 - )  tends t o  

i n c r e a s e  t h e  p a r t i a l  molal  volume a t  t h e  same i o n i c  concen t r a t ion ,  

This  t r end  i s  a g a i n  shown l a t e r  f o r  t h e  s a l t i n g - i n  systems. For  the 



sal t  CaC12 a more marked dec rease  i s  seen.  It i s  d i f f i c u l t  t o  say  

exac t ly  whether t h e  decrease  i n  f i  is  due simply t o  t h e  i o n i c  charge 

o r  t o  a  combination of s i z e  e f f e c t s  (K' > ~a*) and a n  i n c r e a s e  i n  

t h e  number of i ons  p re sen t  a t  a  g iven  concen t r a t ion .  It seems that 

t h e  e f f e c t  of i o n i c  s i z e  is  n o t  ve ry  marked and c e r t a i n l y  much o f  t h e  

decrease  i n  Pi f o r  t h e  CaC12 system i s  due t o  t h e  l a r g e r  i o n i c  charge. 

I n  F igure  3.5 t h e  e f f e c t  of s o l u t e  p r o p e r t i e s  on t h e  partial 

molal  volume of a  s e r i e s  of gases  i n  K C 1  i s  shown. A l l  gases  showed 

a dec rease  i n  7. w i t h  i n c r e a s i n g  i o n  concen t r a t ion .  Although this 
1 

decrease  appears  t o  b e  s l i g h t l y  l a r g e r  f o r  i n c r e a s i n g  s o l u t e  s i z e s  

(C H > CH > Ar) i t  is  d i f f i c u l t  t o  draw any conc re t e  conclus ions  
2 6 4 

s i n c e  t h e  e f f e c t s  a r e  q u i t e  sma l l .  

S a l t i n g - i n  systems are shown i n  F igu re  3.6. The s o l u t e  gases 

argon and methane were chosen because they have s i m i l a r  molecular  

p r o p e r t i e s  y e t  t h e s e  two gases  show q u i t e  d i f f e r e n t  s o l u b i l i t y  behavior  

i n  t h e  t e t r a - a l k y l  ammonium s a l t s  
16,25 

It i s  s e e n  t h a t  t h e  partial 

molal  volumes i n c r e a s e  wi th  i o n i c  concen t r a t ion  a s  w e l l  a s  with ionlc 

s i z e .  Evidence of t h i s  l a t t e r  e f f e c t  w a s  a l r e a d y  seen  i n  t h e  salting- 

ou t  systems K C 1  and K I .  The i n c r e a s e  i n  s o l u b i l i t y  t h a t  argon undergoes 

i n  t h e  s e r i e s  of s a l t s  K B r ,  (CH3)4NBr and (C H ) N B r  i s ,  as was a l r e a d y  
4 9 4  

mentioned, p r i m a r i l y  a  s i z e  e f f e c t .  The i n c r e a s e  of methane solubility 

i n  t h e  same s a l t s  i s  somewhat d i f f e r e n t ,  however. I n  a l l  of t h e  te t rs -  

a l k y l  ammonium salts t h e  s o l u b i l i t y  of hydrocarbon gases  such a s  methane 

16 i n c r e a s e s  much more r a p i d l y  than  f o r  any of  t h e  i n e r t  gases  . It. 

seems t h a t  t h e  a d d i t i o n  of t h e s e  types of  i ons  i n  aqueous s o l u t i o n  Leads 

t o  a very  s p e c i f i c  i n t e r a c t i o n  of t h e  t e t r a - a l k y l  ammonium ions  w i t h  t h e  



hydrocarbon s o l u t e s .  It has  been suggested 16'26 t h a t  t h e r e  ex is t s  

a very d e f i n i t e  none lec t ro ly t e - ion  i n t e r a c t i o n  which i s  a so-ca:lled 

I 1  hydrophobic i n t e r a c t i o n . "  Other r e s e a r c h e r s  27-29 have a s  w e l l  

concluded t h a t  c e r t a i n  hydrocarbon molecules form l o o s e  "hydrophobic 

+ 
bonds" wi th  R4N ions  and t h a t  t h e  g r e a t e r  t h i s  a t t r a c t i v e  i n t e r a c t i o n  

t h e  g r e a t e r  w i l l  b e  t h e  s o l u b i l i t y  of  t h a t  s o l u t e  i n  t h e  i o n i c  s o l u t i o n .  

This  e f f e c t  is  more pronounced f o r  l a r g e r  s o l u t e s .  For example, the  

s e r i e s  methane, e thane ,  propane and butane  shows inc reas ing  s a l t i n g - i n  

both  wi th  i n c r e a s e s  i n  t h e  s o l u t e  s i z e  a s  w e l l  a s  i n c r e a s e s  i n  the  i o n  

f 
s i z e ;  i . e . ,  more s a l t i n g - i n  a s  t h e  s i z e  of R I? i n c r e a s e s .  

4 

It i s  known 30-38 t h a t  t h e  p a r t i a l  molal volume of gases  i s  

much l a r g e r  i n  hydrocarbon s o l v e n t s  t han  i t  i s  i n  pu re  wa te r .  Tab l e  3.8 

shows t h i s  e f f e c t  f o r  s e v e r a l  gases .  The a d d i t i o n  of  t h e  te tra-al lqyl  

ammonium ions  has  t h e  e f f e c t  of making t h e s e  aqueous s o l u t i o n s  more 

"hydro carbon-like" 16'29 and t h e  r e s u l t a n t  i n c r e a s e  i n  t h i s  cba rac t e r -  

i s t i c  of t h e  s o l u t i o n  has r e s u l t e d  i n  a s l i g h t  i n c r e a s e  i n  t h e  p a r t i a l  

molal  volume of t h e s e  two gases  i n  t h e  s a l t i n g - i n  systems. 

The H KOH and 0 -KOH systems a r e  shown i n  F i g u r e  3.7. The 
2- 2 

importance of t h e s e  systems i s  i n  t h e  s tudy  of f u e l  c e l l  behavior  as a 

f u n c t i o n  of p re s su re .  The KOH system i s  a s t r o n g  s a l t i n g - o u t  system 

and t h e  p a r t i a l  molal volume of bo th  hydrogen and oxygen show decreases  

w i t h  i n c r e a s i n g  s a l t  concen t r a t ion .  

3.3.1 Comparison of R e s u l t s  

There a r e  no r epor t ed  r e s u l t s  a v a i l a b l e  f o r  t h e  p a r t i a l  moLal 

volumes of gases  i n  t h e  i o n i c  systems s t u d i e d  i n  t h i s  work. A comparison 

of t h e  p a r t i a l  molal volume of gases  i n  pu re  water  i s  a v a i l a b l e ,  however, 



Table 3.8: P a r t i a l  Molal Volume of Gases i n  Various Solvents  

Ti (cc/g mole) 
Solvent  

References: 12 ,  30-37 



and i s  shown i n  Table 3 . 9 .  Most of t h e  r e s u l t s  i n  pu re  water  a r e  

c o n s i s t e n t  w i t h  those  ob ta ined  i n  t h e s e  experiments t o  w i t h i n  the 

es t imated  experimental  e r r o r s .  This  work has  shown t h a t  t h e  V of i 

gases  i n  s a l t i n g - o u t  systems dec reases  s l i g h t l y  w i t h  i n c r e a s i n g  i o n  

concen t r a t ion .  The on ly  v e r i f i c a t i o n  of t h i s  experimental  t r e n d  i s  

t h e  work of 0 '  S u l l i v a n  and Smith 39 who r e p o r t  7 measurements o f  
i 

n i t r o g e n  and methane i n  NaCl s o l u t i o n s .  Thei r  r e s u l t s  showed a 

s l i g h t  decrease  o f  Vi f o r  t h e s e  two gases  a s  t h e  concen t r a t ion  of 

N a C l  i nc reased .  Enns e t  a l .  ' have a l s o  shown t h a t  t h e  ti of 

oxygen i n  s ea  water  i s  s l i g h t l y  l e s s  than  i t s  v a l u e  i n  pu re  wa te r .  

A comparison of t h e  exper imenta l  r e s u l t s  w i th  t h e  p rev ious ly  

desc r ibed  p e r t u r b a t i o n  theory  is a l s o  made i n  F igures  3.4-3.7. A s  

i s  seen ,  t h e  theory  p r e d i c t s  bo th  t h e  s a l t i n g - i n  and s a l t i n g - o u t  

behavior  of  most o f  t h e  systems. The s o l i d  l i n e s  were t h e o r e t i c a l  

p r e d i c t i o n s  t h a t  r e s u l t e d  from f i t t i n g  t h e  theory  a t  zero  concen t r z t ion  

( i . e . ,  pu re  water )  and t h e  dashed l i n e s  a r e  t h e  t h e o r e t i c a l  r e s u l t s  

f o r  bo th  pu re  water  and e l e c t r o l y t e  s o l u t i o n s .  

The only  o t h e r  t h e o r e t i c a l  r e s u l t s  t h a t  t h i s  work can  be  conpared 

w i t h  a r e  t h e  c o r r e l a t i o n s  of  Lyckman et  a l .  40 who have devised an 

equat ion  f o r  p r e d i c t i n g  i n f i n i t e  d i l u t i o n  7 i n  pu re  s o l v e n t  systems.  
i 

A comparison of experiment ,  t h e  p r e s e n t  p e r t u r b a t i o n  theory  and t h e  

c o r r e l a t i o n  of  Lyckman et  a l .  i s  shown i n  Table 3.10. The r e s u l t s  show 

t h a t  p e r t u r b a t i o n  theory  i s  as good a s  t h e i r  c o r r e l a t i o n  f o r  most cases. 

It i s  imposs ib le  t o  extend such a  c o r r e l a t i o n  t o  i o n i c  systems,  however, 

and comparisons of  t he  p r e s e n t  theory  f o r  e l e c t r o l y t e  s o l u t i o n s  i s  

t h e r e f o r e ,  no t  p o s s i b l e .  



Table 3.9: Partial Molal Volume of Gases in Water 

li (cc/g mole) 
Solute Gas 

This Work Literature Value Reference 

Ar 31.7 32 .2a 17 

Experimental Methods 

a = High Pressure Solubility 

b = Densitometry 

c = Dilatometry 



Table 3.10: P a r t i a l  Molal Volumes of Gases i n  Water 

li (exp.) ti ( th i s  work) Ti (Lyckman e t  al . ) 
Solute Gas - -- - 

(cc/g mole) 



4. D i f fus ion  C o e f f i c i e n t s  of Hydrogen i n  Lithium Hydroxide 
So lu t ions  

Di f fus ion  c o e f f i c i e n t s  of hydrogen i n  1-5 Normal l i t h i u m  

hydroxide s o l u t i o n s  have been measured us ing  t h e  s t agnan t  micro- 

e l e c t r o d e .  The tempera tures  of measurement were 25, 40, 60 and 80°C. 

The dropping mercury e l e c t r o d e  used p rev ious ly  was n o t  s u i t a b l e  f o r  

t h i s  purpose due t o  t h e  h igh  hydrogen over-vol tage on mercury e l e c t r o d e ,  

4 .1  M a t e r i a l s  

P e l l e t s  of l i t h i u m  hydroxide w i t h  p u r i t y  of  95.5% were used- 

Solu t ions  were prepared  from degassed,  de ionized  d i s t i l l e d  wa te r .  

Standard hydroch lo r i c  a c i d  and potassium fe r rocyan ide  s o l u t i o n s  

were prepared from ampules of Accula te  Standard So lu t ions .  

Potassium c h l o r i d e  used was of A n a l y t i c a l  Reagent Grade. 

4.2 Apparatus 

The appa ra tus  used i n  t h i s  experiment has  been d iscussed  i n  de- 

4 1  t a i l  p rev ious ly  . Only minor changes where made i n  t h e  p r e s e n t  

s e t  up. The mic roe l ec t rode  w a s  made from s t a n d a r d  t a p e r  j o i n t  w i t h  

p r e c i s i o n  bore  c a p i l l a r y .  The plat inum d i s c  was cemented t o  t h e  end 

of t h e  male j o i n t  u s ing  f luorocarbon epoxy cement. To prevent  f r e e z i n g  

of t h e  male t o  t h e  female j o i n t  t e f l o n  s l e e v e s  were used. To prevent  

e l e c t r i c a l  l e a k s ,  t h e  w i r e  connec t ing  t h e  counter  e l e c t r o d e  was i n s u l a t e d  

w i t h  nylon tub ing .  

4 . 3  C a l i b r a t i o n  of Microe lec t rode  Area 

C a l i b r a t i o n s  of t h e  microe lec t rodes  were made us ing  0,005 ~ " i  



potassiumferrocyanidesolutions. This  system g i v e s  h igh  r e p r o d u c i b i l i t y ,  

and handl ing  of  t h e  s o l u t i o n  i s  e a s i l y  done. Moreover, a t  t h i s  low 

concen t r a t ion ,  t h e  d i f f u s i o n  c o e f f i c i e n t  can b e  considered a s  d i f f e r -  

e n t i a l  d i f f u s i o n  c o e f f i c i e n t ;  hence, i t  i s  a n  i d e a l  system f o r  c a l i b r a -  

t i o n  purposes.  The v o l t a g e  used f o r  a l l  t h e  c a l i b r a t i o n  was + 0.7  v o l t s .  

2 
Three e l e c t r o d e s  were c a l i b r a t e d ;  t h e i r  a r e a s  were found t o  be  0.0270 cm , 

2  2  
0.025 cm and 0.0267 cm . 
4.4 S a t u r a t i o n  of Lithium Hydroxide So lu t ions  wi th  Hydrogen Gas 

The s a t u r a t i o n  p roces s  i s  performed by bubbling hydrogen gas  p r e s a t -  

u r a t e d  wi th  wa te r  vapor  through t h e  e l e c t r o l y t e  s o l u t i o n ,  t h e  tempers ture  

of t h e  system being c o n t r o l l e d  t o  w i t h i n  + - 0.05OC w i t h  a  p r o p o r t i o n a l  

c o n t r o l l e r .  For concent ra ted  l i t h i u m  hydroxide s o l u t i o n s  and a t  high 

temperatures ,  cons iderably  longer  s a t u r a t i o n  pe r iods  were r e q u i r e d ,  For 

such cases ,  a  s a t u r a t i o n  per iod  of 45 t o  60 minutes was used a s  compared 

t o  20 t o  30 minutes f o r  d i l u t e  s o l u t i o n s .  

4 '5 Measurement of D i f fus ion  and Res idua l  Curren ts  

The d i f f u s i o n  and r e s i d u a l  c u r r e n t s  were measured us ing  a 

Sargent  model XV polarograph.  A cons t an t  predetermined v o l t a g e  (corre- 

sponding t o  t h e  middle of t h e  p l a t e a u  i n  t h e  vol tage-cur ren t  curve) w a s  

a p p l i e d ;  and t h e  c u r r e n t  recorded  au toma t i ca l ly .  S i x  r e p l i c a t i o n s  were 

made f o r  each experiment.  Between each measurement t h e  s o l u t i o n  w a s  

r e s a t u r a t e d  w i t h  hydrogen. The r e s i d u a l  c u r r e n t  was measured a f t e r  the  

d i s so lved  hydrogen had been s t r i p p e d  o f f  wi th  n i t r o g e n  gas .  Tl~e con- 

s t a n c y  of t h e  product  i K w a s  checked f o r  each experiment ,  on ly  those 
t 

r e s u l t s  which s a t i s f i e d  t h i s  c r i t e r i o n  were accepted  f o r  c a l c u l a t i o n  

of d i f f u s i o n  c o e f f i c i e n t .  It should b e  po in t ed  o u t  t h a t  t h e  e l e c t r o d e s  



(both t h e  microe lec t rode  and t h e  counter  e l e c t r o d e )  had t o  be  cleaned 

p e r i o d i c a l l y  wi th  concent ra ted  s u l f u r i c  a c i d  and r i n s e d  wi th  d i s t i l l e d  

wa te r .  

4.6 R e s u l t s  

The r e s u l t s  of t h e s e  experiments a r e  g iven  i n  Table 4 . 1  and 

i n  F igu re  4.1.  The dev ia t ions  g iven  a r e  s t anda rd  d e v i a t i o n  from the  

a r i t h m e t i c  mean of s i x  r e p l i c a t i o n s .  The v a l u e s  a t  2S°C r e p r e s e n t  the 

averages of twelve r e p l i c a t i o n s  f o r  each c o n c e n t r a t i o n  us ing  two micro- 

e l e c t r o d e s .  A s  expected t h e  d i f f u s i o n  c o e f f i c i e n t s  decrease  wi th  

i n c r e a s e  i n  l i t h i u m  hydroxide concen t r a t ion  and i n c r e a s e  w i t h  increase 

i n  temperature.  

4.7 Discuss ion  of R e s u l t s  

4 .7.1 Modified Eyring Theory 

R a t c l i f f  and Ho lc ro f t  42 modif ied t h e  Eyring r e a c t i o n  rate 

theory  f o r  d i f f u s i o n  f o r  t h e  s p e c i a l  c a s e  of  gas  d i f f u s i o n  i n  electro- 

l y t e .  The modified theory  p r e d i c t s  t h a t  Rn D/D is  a l i n e a r  f u n c t i o n  
0 

of s p e c i e s  f r a c t i o n .  F igures  4.2 through 4.4 show such p l o t s  f o r  the 

presen t  measurements. It can  be  s e e n  t h a t  w i t h i n  experimental  error, 

t h e  experimental  p o i n t s  l i e  approximately on a s t r a i g h t  l i n e .  

4.7.2 K i n e t i c  Theory of D i f f u s i o n  

6  
The k i n e t i c  theory d iscussed  i n  t h e  previous  r e p o r t  w a s  

used t o  p r e d i c t  t h e  d i f f u s i o n  c o e f f i c i e n t s  of hydrogen i n  l i t h i u m  

hydroxide s o l u t i o n s .  It was found t h a t  t h e  theory g ives  good p r e d i c t i o n s  

f o r  concen t r a t ion  dependence. Owing t o  t h e  n a t u r e  of t h e  hard sphe re  

p o t e n t i a l ,  i t  is  expected t h a t  t h e  theory cannot q u a n t i t a t i v e l y  predict 

t empera ture  dependence of d i f f u s i o n  c o e f f i c i e n t s .  Hence, t h e  hard  sphere  



Table 4.1: 

Normality 
W t .  % LiOH of L i O H  

Diffusion Coefficients  of H2 i n  LiOH Solutions 

Temperature 

25°C 40°C 60" C 80°C 

3.32 t 0,049 4.95 t 0.15 6.99 t 0.097 -- 
2.95 t 0.11 4.42 t 0.083 6.32 t 0.076 -- 
2.48 t 0.08 3.78 rt 0.095 5.33 5 0.072 -- 

2.1955 0.05 3.37 t 0.03 4.72 5 0.083 6.35 t 0.05 

1.85 t 0.07 2.76 t 0.02 4.02 t 0.062 5.7 t 0.15 



NORMALITY LiOH 

Figure 4.1. Diffusion Coefficients of Hydrogen in Lithium Hydroxide 
Solutions 



F i g u r e  4 .2 .  Rn D/D. vs S p e c i e s  F r a c t i o n  a t  25OC. 
0 



Figu re  4.3. Rn D/D vs Spec ies  F r a c t i o n  a t  4 0 ' ~ .  
0 



Figure  4 .4 .  ,Q,n D/D v s  Species Fraction a t  60°C. 
0 



diameters  were v a r i e d  s l i g h t l y  (2  t o  3%) i n  o r d e r  t o  p r e d i c t  t h e  proper  

d i f f u s i o n  c o e f f i c i e n t  of hydrogen i n  water .  Th i s  i s  e s s e n t i a l l y  a 

t e s t  of t h e  theo ry  f o r  i t s  a b i l i t y  t o  p r e d i c t  concen t r a t ion  dependence 

a t  v a r i o u s  tempera tures .  It can b e  seen  from F igu re  4.5 t h a t ,  as 

expected,  t h e  theo ry  can p r e d i c t  p roper  concen t r a t ion  dependence. 

The p e r t u r b a t i o n  theory  f o r  equ i l i b r ium p r o p e r t i e s  proposed 

4 3 by Barker and Henderson , which proved t o  b e  s o  s u c c e s s f u l  i n  

p r e d i c t i n g  e q u i l i b r i u m  p r o p e r t i e s ,  g ives  a n  express ion  f o r  a teaperature  

dependent ha rd  s p h e r e  diameter .  

Even though us ing  t h i s  tempera ture  dependent ha rd  sphe re  

diameter  improves t h e  p r e d i c t i o n  cons iderably ,  i t  i s  s t i l l  no t  s u f f i -  

c i e n t  t o  p r e d i c t  t h e  sha rp  i n c r e a s e  i n  d i f f u s i o n  c o e f f i c i e n t  with 

i n c r e a s e  i n  tempera ture .  This  i s  t o  be  expected f o r  t h e  equa t ion  above 

was a r r i v e d  a t  from equ i l i b r ium cons ide ra t ion .  Therefore ,  i n  o r d e r  to 

p r e d i c t  t h e  p rope r  tempera ture  dependence f o r  t h e  d i f f u s i o n  coef ii'icienlz, 

a p e r t u r b a t i o n  theo ry  f o r  t r a n s p o r t  p r o p e r t i e s  has  t o  be  proposed, and 

t h i s  i s  be ing  undertaken.  



0 This Work 

- Kinetic Theory 

NORMALITY LiOH 

Figure 4.5. Prediction of Diffusion Coefficients Using U n e t r c  
Theory 



APPENDIX 

I. Sample Calculat ion f o r  Concentration Variable 

5.61% KOH, 13.81% K2C03, 80.58% H20 

56.1 g KOH/1000 g so lu t i on  

138.1 g ~ ~ c 0 ~ / 1 0 0 0  g so lu t i on  

Molecular weight of KOH = 56.109 

Molecular weight of K CO = 138.213 
2 3 

. O  1 mole of KOH + 2 mole ions  of KOH 

0 .  . . 1 mole of K2C03 =$ - 3 mole ions  of K2C03 - 

5 t o t a l  mole ions 

Above so lu t i on  has concentrat ion of 5 mole ions/1000 grams 

11. Sample Calculat ion f o r  Analyses of Solutions 

Both 5.0000 gram samples ( t i t r a t e d  with 1.O.N HC1) 

Tota l  a l k a l i n i t y  t i t r a t i o n  22 m l  . 4.4 meg/gram solution 

Tota l  KOti t i t r a t i o n  18 m l  . 3.6 megigram. solution 

* .  3.6 meg KOHjgram so lu t i on  

and 4.4 - 3.6 = 0.8 meg K CO /gram so lu t i on  
2 3 

(3.6) (56.109) 110 = 20.2% KOH 



=2 O 

So lub i l i t y  - 

KOH 20% 40% 60% 80% 

Figure A.1; I sobars  on Tr iangular  P l o t  a t  25OC 



Figure A,?: I sobars  on Triangular P l o t  a t  40°c 



KOH 20% 

Figure A.3. I sobars  on Triangular  Plot a t  60°C 



S o l u b i l i t y  
. L i m i t  

Figure ~ ~ 4 ; '  I s o b a r s  on Triangular  P l o t  a t  80°c 



SUBRLIUTI .dE L k S Q ( Y , X I  
DOUBLE P 2 E C I S I O ; J  A( l l T 1 l ) , B (  l l I , C (  11) g P ( 2 0 1  , T ~ ~ " I P P F ~ ~ G B D R P S U M  
COMMO'J C *  I D E G (  11) , Y S ( 2 C 3 ) r ~ ~ ~ ( ? O O ) , ' 4 , ? 1 ~ ~ 5 E R ~ ~ \ I , S S ~ G D V  

WHERE M I S  T H E  DEGREE OF THE 2 0 L Y U D Y I 4 L  
idHERE NUMBER I S  T t -E  :JUi,IBE;I. OF OATA P D I : q T S  
WHERE X AiqD Y ARE T H E  DATA P k I S S  
WHERE A I S  THE ARRAY FUR THE SUMS 
WHERE 8 I S  T H E  ARRAY F09 THE CO:JSTAUT TERMS 
WHERE C I S  T H E  A2RAY FOR THE UNKNJWUS 
WHERE P I S  THE ARRAY FOA THE POh'ERS OF X 
WHERE S S  I S  T H E  SUM OF SQUA5ES OF THE D E V I A T I O N S  
WHERE GDV I S  THE MAXINUM D E V I A T I O U  

DO 70 I=l,ll 
C ( I ) = 1 ) . 0 D  a0 
MX2=M*2 
DO. 13 I = 1 9 M X 2  
P i  I )=O.OO 30 
00 1 3  J = l , N U K B E R  . 
P ( I ) = P ( I ) + X ( J ) * * I  
FJ=M+l 
DO 9'35 I = l r N  
IK=I 
I K = I K - 1  
I D E G (  I ) = I K  
DO 3 0  I=l t P J  
00 33 J= l rP I  
K = I + J - 2  
I F I K )  2 9 9 2 9 9 2 8  
A ( I o J ) = P ( K )  
GO T O  33 
A f  1 9  L )=NUKBE& 
CONT I R U E  
8(1)=0*00 00 
DO 2 1  J = l r N U Y B E X  
B ( l ) = B ( l ) + . Y ( J )  
00 2 2  I = 2 , N  
8 1 1 ) = 0 ~ 0 0  00  
00 2 2  J = ~ T I ' ~ U X C E R  
B(1)=8(I)+Y(J)*X(J)**(I-l) 
N W I = h - l  
DO 330 K = l r N > ? I  
K P I = K + , l  
L=K 
DO 400 I = K P I ,  N 
I F ( D A B S ( A (  I r K )  ) - D A 3 S ( I \ ( t t K ) )  403,.433,401 
L= I 
CONT I ? I U E  
I F 1 L - K )  5 0 0 , 5 0 9 ' ~  4C5 



DO 419 J=KtIJ 
TEMP=A( K ,  J )  
A(KPJ)=A(LsJ) 
A(L, J)=TC/*1P 
TEMP=H(KI 
B ( K ) = B ( L )  
B f  L f  =TEt.'iP 
DO 300 I=KPI ?4 
FACTOR=A( IqK)/A(K,K) 
A ( I ~ K ) = O . O D  3 3  
DO 301 J=KPItN 
A[ I , J ) = A ( I p J I - F A C T O R * A ( K t J )  
B(I)=B(I 1-FACTOR*E(Kl 
C ( N ) = B ( M ) / A O J , N I  
I=NMI 
IPI=I+l 
SUM=O.OD 00 
DO 700 J=IPIgN 
SUM=SUN+1(ItJ)*Cf J )  
c ( I ) = ( B ~  1 1 - S U M ) / A ( I , I )  
I = f - 1  
IF(I1 8 0 0 , 8 0 0 ~ 7 1 0  
C ONT I i iU  E 
ss=o.a 
GDV=O .O 
D O  100 IL=lYYUWBER 
Y S ~ I L ) = C ~ l ) + C ~ 2 ) * X ( I L l ~ c ( 3 ) * x ( I L ) * * 2 + C ( 4 ~ * x ~ I L ~ * * 3 + c ~ 5 ~ * x ~ I  

k ) * * 4 +  
lC(b)*X(IL)**S+;'C(7)*X(IL)**b+C(8)*X( I L ) * * ~ + C ( ~ I * X ( I L ~ * Q - ~ + C ~ I  

O ) * X t I L  
2)**9+C(ll)*X[ IL)**lO 
DIFF(IL)=YSLIL)-Y(IL1 
IF(ABS(DIFF(IL))eGE.G9V) GDV=ABS(DIFF(IL)I 
SSh=SS+DI F F  ( IL 1992 
RETUi lX  
END 
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